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ABSTRACT 
( Confidential  J 

The  chara^erjstics  of  the  various  factors  involved  in  the  reception  of 

WfT  radio  8ia:nals  with  rectangular  open-core  loop  antennar  in  air 
and  water  considered  with  regard  to  the  prediction  of  the  maximum  per- 

misaible  range  capability  for  specified  minimal  satisfactory  message-reception 
conditions.  A  mathematical  expression,  termed  the  “system  equation,”  h«4«@^ 
devised  relating  such  factors  as  radiated  power,  propagation  auenuation  loss, 
voltage-  and  field-interface  losses,  depth-of-suhmergence  loss,  and  loop-antenna 
pickup  capability  gain  with  operation  In  water,  to  the  voltage  induced  in  a  loop 
antenna  in  air.  The  variation  of  these  factoraan  functions  of  frequency,  water  con¬ 
ductivity,  and  loop-anienna  dimensions  accurately  calculated  with  the  aid 

of  the  U.  S.  Naval  Research  Laboratory  fligh-/!peed  lilcctronic  digital  (/Amputee 
(NAREC).  It  hay^Sai‘n  determined  that  for  a  fixed  tield  Btrength  in  the  air,  the  sig¬ 
nal  voltage  induced  In  a  submerged  loop  antenna  will  increase  with  a  frequency 
increase  at  shallow  depths  of  loop  submergence  but  will  eventually  decrease  with 
frequency  increase  as  the  loop  submergence  Increases.  Relative  &tr-to-water  per¬ 
formance  data  hft^o'wl  employed  in  typical  calculations  of  communication-system 
range  based  on  the  approximato  sensitivity  of  the  omnidirectional-loop  system 
currently  in  use  aboard  most  U.S.  subma r  ines.^any  of  the  basic  equations 
employed  are  expansions  of  original  work  by  the  laB^r.  O.  Norgorden  of  this 
Laboratory.  ^ 

It  has  been  shown  that  iiormaiiy,  in  communication-system  range  computations, 
specifying  the  overall  receiving-system  field  sensitivity  in  air  automatically 
includes  both  the  dimensional  and  electrical  loop-antenna-system  design  para¬ 
meters  for  air  operation,  leaving,  in  addition,  the  voltage- interface  loss  effect 
(which  in  turn  is  a  function  of  the  loop  dimensiens)  to  be  considered  along  with  the 
loop  depth-of- submergence  loss  for  underwater  operation.  Expressing  receiving- 
system  performance  in  terms  of  the  variations  to  be  expected  in  basic  .system 
parameters  with  respect  to  a  fixed  voltage  sensitivity  is,  however,  more  indicative 
of  realizable  system  performance  capability  rather  than  to  a  fixed  field  sensitivity. 

It  has  been  shown  that  with  respect  to  a  reference  radio  field  in  air,  the  signal 
voltage  induced  in  a  submerged  loop  antenna  may  increase  as  the  loop  -  antenna 
dimensions  are  increased,  hut  that  this  improvement  is  subject  In  a  very  real  sense 
to  practical  limitations  imposed  by  the  need  for  optimum  loop-system  electrical 
design  and  operational  factors  which  are  a  function  of  the  water  environmeni  in 
which  the  submarine  operates.  A  determination  of  the  optimum  overall  loop-antenna 
design  for  submerged  radio  reception  must  consider  the  mutual  optimization  of  all 
the  loop-antenna  parameters,  including  all  pertinent  eicctricai,  uiiiic-nsio.tal,  op-'ra- 
lional,  and  environmental  factors.  It  isconciuded  that  there  is  a  particularfrequency 
for  a  specified  operational  depth  which  gives  a  maximum  submerged-loop  pickup 
capability  lor  a  fixed  field  in  air  and  tiial  lliere  is  a  particular  loop-antenna  height 
corresponding  to  a  given  frequency  which  also  gives  a  maximum  submerged  picinip 
capability  tor  a  rectangular  open-core  loop;  however,  a  determination  of  an  opti¬ 
mum  loop-antenna  design  for  submerged  reception  requires  further  study  and 
experimentation. 
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A  STUDY  OF  VI, F  COMMUNICATION-SYSTEM  PARAMETERIS 
AS  RELATED  TO  SUBMERGED-RECEPTION  CAPABJUTY  AND 
RANGE  PREDICTION 
1  UneiasBified  Title  I 


INTRODOCTION 

Underwater  radio  communication  has  so  far  relied  almost  exclusively  on  very-low - 
frequency  (vl£)  radio  waves,  since  radio-wave  propagation  in  water  has  been  found  ti  ,e 
more  effective  at  the  longer  wavelengths.  When  11  is  practical  to  construct  higher  powered 
stations  with  larger  transmitting  antennas  (e.g.,  a  quarter-wavelength  at  30  kilocycles  is 
about  8200  feet  in  air),  reliable  undersea  reception  with  ranges  of  several  thousand  nautical 
miles  may  be  obtained  at  vlt  (3  to  30  kc).  The  phenomenon  of  underwater  propagation  of  vlt 
radio  waves  has  been  known  for  many  years,  and  the  fundamental  limltaticns  encountered 
in  subsurface  radio  reception  nave  previously  been  Investigated  at  NRL.'  These  limita¬ 
tions,  very  briefly,  are  as  follows,  (a)  only  a  small  .ractlon  of  the  radio  (electric)  field 
existing  immediately  above  the  surface  of  the  water  appears  just  beneath  that  surface, 

(b)  the  exponential  rate  of  rf  attenuation  with  Increasi.vg  depth  Is  relatively  large,  and 

(c)  at  vlf  the  attenuation  of  the  radio  field  In  the  water  becomes  greater  as  the  frequency 
become.!  higher  and/or  the  water  conductivity  Increases. 

A  theoretical  estimate  of  vlf  communlcation-svstem  range  based  on  the  approximate 
sensitivity  of  the  omnidirectional  loop  system  currently  In  use  aboard  most  U.S.  subma¬ 
rines!  should  prove  useful  as  a  basis  lor  further  system  Improvement.  The  factors  which 
need  to  be  considered  in  calculating  the  signal  "Oltage  Induced  in  a  loop  antenna  submerged 
in  water  are  interrelated.  The  Influence  of  several  design  parameters,  such  as  the  loop- 
antenna  Inductance,  Q,  core  material,  etc.,  have  been  treated  previously  in  considerable 
detail  (1-5).  However,  the  differences  In  radio-wave  propagation  with  respect  to  the  air 
and  water  media,  and  the  manner  in  which  these  differences  (including  interface  phenomena) 
affect  the  final  output  signal  level,  as  well  as  Ihe  loop-output  dependence  on  frequency,  water 
salinity,  relative  loop-antenna  dimensions,  etc.,  have  not  received  the  detailed  attention 
which  is  so  essential  to  making  reliable  calculations  of  overall  syalcm  capacity  and  effec¬ 
tiveness.  Particularly  needed  has  been  the  development  of  a  matbematicsLl  expression 
relating  all  of  the  various  major  parameters  affecting  the  reception  of  vlf  radio  signals 
pertinent  to  an  estimation  of  syst  ;  i  capability.  Figure  I  shows  a  pictorial  presentation 
of  the  i-arameters  Involved  in  shore-to-sub  radio  communication. 

The  late  Dr.  0.  Norgorden  of  NRL  established  a  basic  mathematical  background  (6) 
iut  calculating  the  effects  of  many  of  the  parameters  Involved  in  the  reception  of  vlf  radio 
signals  in  water  for  reclangular  open-core  loop  antennas.  Since  his  work  has  been  largely 
substantiated  by  actual  Held  measurements,  the  rectangular  water-core  (atr-core  ir  air) 

Iv-p  ant"— ■"  i-"-®  Open  ebust.,  as  the  basis  for  the  analvtlcai  model  used  in  this  report. 

His  treatme.ii,  suitably  modified  and  exiended,  has  thus  been  used  as  a  foundation  for  many 
of  the  calculations.  ^ 


The  AT~317/BRR  loop  system  has  a  b-lnch  norrana.  diameter,  28-turn,  omnidirectionai, 
iron-core  ioop,  which  in  this  report  *3  approximated  by  an  open-core  loop  with  a  12-ini.h 
diameter  and  about  the  same  number  of  turns.  This  open-core  loop  serves  as  a  basis 
around  which  a  specific  analytical  model  of  a  vlf  ritmmunication  system  is  formed, 

2 

The  majority  of  the  data  to  be  presented  in  this  report  were  obtained  from  calculations 
made  with  the  aid  of  the  NARKC  tUgh-Speed  Electronic  Digital  CornpviterJ, 
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The  primary  intent  of  this  report  is  to  relate  the  various  communication-system 
parameters  affecting  the  submerged  reception  of  radio  signals  anH  ♦o  ;....ueatc  their  effc^i 
on  the  maximum  obtainable  communication  range  for  a  depth  of  submergence.  This 
report  concludes  the  work  on  one  phase  of  a  study  of  analytical  techniques  for 

the  IheOi  etical  evaluation  of  submerged  communication-system  circuits  and  elements. 
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I.  CHARACTERIZATION  OF  rHE  SYSTEM  ELEMENTS 


GENERAL  SYSTEM  CONSIDERATIONS 
LHerrelation  of  the  Elements 

The  various  empirical  equaiinnft  which  have  been  established  to  predict  the  radio 
iieid  in  air  at  various  distances  from  a  vU  transmitter  are  usually  expressed  in  terms  of 
Iho  transinitting,-antenna  down-lead  current,  fo  an  overall  communication-system  analyti¬ 
cal  study,  It  is  generally  more  meaningful  to  estabUsh  the  vif  transmitter  characteristics 
in  terms  of  the  radiated  power  rather  than  down-lead  current.  Unfortunately,  vU  radiated 
power  cannot  be  directly  measured  so  easily  as  a  parameter  such  as  antenna  input  cur¬ 
rent.  Therefore,  as  a  practical  matter,  reliance  must  be  placed  upon  certain  theoretical 
mathematical  relationships  which  have  been  develc^ed  to  '“elate  vlf  ante:.«a  parameters 
and  the  empirical  field  equations  in  terms  of  radiated  power.  The  premise  upon  which 
these  relationships  are  based  is  that  for  the  radiated  powev  to  remain  essentially  fixed 
over  the  vlf  range,  the  transmlttlng-antenna  down-lead  current  must  decrease  in  a  direct 
proportion  to  tiic  increase  in  frequency  (Appendix  A). 

The  equations  yield  the  result  that  for  any  given  radiate  po^'er,  the  lower  frequencies 
propagate  further  for  a  given  attenuation  tlian  do  iht  higher  frequencies.  For  example, 
according  to  a  modified  forin  of  the  empirical  equation  originally  developed  by  Baldwin 
and  McDowell  of  the  Bureau  of  Ships  (in  terms  of  radiated  power  rather  Diaji  down-lead 
current),  the  field  strength  which  is  obtained  at  11,500  nautical  miles  for  a  given  value  cf 
radiated  power  from  a  transmlUer  al  10  kc  will  be  obtained  at  about  half  that  di.*«tance 
(5700  nautical  miles)  at  30  kc. 

The  loss  in  electromagnetic  field  strength  between  air  and  sea  water  (termed  the 
field-interface  loss)  is  very  great  (e.g..  1897:1  for  the  eiectric-Mcid  component  at  20  kc). 
Fortunately,  this  large  loss  is  very  nearly  compensated  by  a  ernin  in  the  signal-collection 
capability  of  a  loop  antenna  in  water  relative  lo  its  capability  in  air.  For  example,  with 
tne  “'p  of  a  one -foot -square  loop  just  below  the  sea  surface,  the  computed  induced  voltage 
in  the  loop  at  20  kc  is  less  than  10  percent  below  the  induced  voltage  in  the  same  loop  in 
air  immediately  above  the  water  surface.  The  effective  voltage  loss  due  to  transition 
from  one  medium  to  the  other  is  thus  usually  rather  small,  since  the  loop  can  be  designed 
so  as  to  minimize  any  change  of  impedance  which  may  occur  with  suLsnergenne. 

The  principal  factor  limiting  ihe  usefulness  of  radio  waves  in  sea  water,  then,  is  thr 
large  attenuation  of  the  radio  field  from  the  surface  value  with  increase  in  depth.  The 
attenuation  rate  for  i  given  increase  in  depth  becomes  greater  as  the  frequency  of  the 
radio  wave  mcreaaeo,  However,  for  '=*  "‘v^-n  amount  of  radiated  power  in  the  vlf  range  of 
10  to  30  kc,  the  voltage  induced  in  a  small  loop  antenna  can  be  expected  to  increase  with 
frequency  down  to  about  10  feet,  because  the  decrease  in  field-interface  loss,  coupled  with 
the  increase  in  loop- collection  capability  In  wa(“r  with  increaBing  frequency,  outweighs 
the  increase  in  loss  with  depth.  Al  loop  depths  greater  tUaji  aboul  10  feel,  however,  Ihe 
induced  voltage  decreases  as  the  frequency  is  raised,  because  the  cumulative  exponential 
attenuation  of  the  radio  field  with  depth  al  the  higher  rate  which  ocevrs  with  an  increase 
in  frequency  reverses  the  rising  trend  of  Induced  loop  voltage  which  occurs  at  the  shal¬ 
lower  depths  with  an  increase  in  frequency,  Ibus  mere  might  appear  to  be  an  optimum 
frequency  for  operation  at  any  particular  given  depth  (with  a  given  size  loop);  however, 
all  of  the  elements  of  the  total  system  must  be  considered  before  reaching  any  final  con¬ 
clusion  in  this  regard. 
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Signal- Frequency  Selection 

The  required  maximum  depth  of  antenna  submergence  at  a  desired  ir.aximum  rang 
will  be  a  majo.'  governing  factor  in  the  choice  of  signal  frequency.  Such  elements  ‘-f  Lhc 
syofCm  as  the  Iransiiiitter  radiated  power,  the  radio-wavo  i..j  ntlonunfion  in  air. 

the  receiving-loop-antenna  collection  capc^bilily  in  air,  the  overall  receiving- system  sensi¬ 
tivity  iji  air,  the  field-interface  loss,  the  attenuation  with  increasing  submergence,  the 
receiving-antenna  signal-coUection  capability  in  sea  water  relative  to  that  in  air,  as  well 
as  other  receiving-sysiem  performance  characteristics  with  submerged  operation  (all 
diagrammed  in  Fig.  2),  and  a  loss  which  allows  for  the  effects  of  system  deterioration  in 
actual  operation  enter  Into  the  determination  of  communication-system  performance. 

When  ail  of  the  characteristics  and  parameters  of  the  system  are  taken  into  consideration 
operational  depths  and/or  range  can  be  shown  to  increase  with  a  decrease  in  frequency 
for  a  given  amount  of  radiated  power.  However,  transmitter  construction  ani  operating 
co.sts  at  vlf  are  closely  related  to  operating  frequency  and  radiated-power  capability; 
generally,  the  lower  the  frequency  and/or  the  greater  the  radiated-power  capability,  the 
higher  the  cost.  Therefore  the  selection  of  the  frequency  is  perhaps  the  most  important 
single  determir.ation  in  the  establishment  of  an  effective  submerged  radio-communication 
system. 
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Fig.  1  -  Sy.-tem  factors  associated  with  subiucrgecl  vlf  radio  comniunication 
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RADIO  FIELD  GENERATION-  VLF  Traiismilter  Considerations 

Prespnt  U.S.  Navy  transmitters  covering  the  vlf  portion  of  the  radio  spectrum  have 
approKiinate  effective  radiated-power  capabilities  of  between  20  and  300  kilowatts,  depend¬ 
ing  upon  the  particular  transmitter  employed.  These  transmitters  radiate  vertic^ly 
polarised  Waves.  Many  of  t.ie  ttansmissions  arc  cw  telegraph  (keycd-carrlcr)  at  keying 
speeds  of  about  ?0  words  per  minute.  Increasing  the  effective  radiated  power  of  these 
transmitters  wdll,  of  course,  increase  the  range  or  distance  from  the  transmitter  at  which 
the  radio  signals  can  be  detected  or  copied.  Any  increase  in  power  will  generally  be  most 
effective  at  the  lower  frequencies  in  terms  of  increasing  tl;.e  m^xlmuni  range  capability, 
primarily  because  of  lower  propagation  attenuation  at  lower  frequency  at  most  ranges  in 
both  air  and  water.  . 

The  planning  for  vlf  transmitter  installations  with  effective  radiated-power  capabilities 
on  the  order  of  one  megawatt,  plus  the  convenience  of  using  this  figure  as  a  reference  value 
in  graphs  and  computations,  have  led  to  its  use  in  the  range  calculations  given  In  this  report, 
However,  the  problems  associated  with  the  design,  construction,  and  operation  of  a  trans¬ 
mitter  with  such  output-power  capability  are  not  considered  in  this  report. 


RADIO  FIELD  TRANSMISSION 
VLF  Propagation  Attenuation  in  Air 

Some  peculiarities  of  radio-signal  propagation  in  the  vlf  band  are  still  not  thoroughly 
understood,  despite  more  than  fifty  years  oi  experience  by  the  radio  profession  in  the  use 
of  these  frequencies  for  communication.  However,  it  is  possible  to  predict  the  approxi¬ 
mate  field  Intensity  as  a  function  of  distance  from  certain  empirical  equations. 

Figure  3  shows  the  results  of  a  computation  of  the  empirically  predicted  field  intensity 
in  air,  E*.  in  volts  per  meter  versus  distance  in  nautical  miles  over  sea  water  at  frequen¬ 
cies  of  10,  15,  20,  25,  30,  and  IOC  kc,  as  produced  by  one  megawatt  radiated  from  an 
antenna  located  near  a  sea  coast.  The  curves  of  Fig.  3  have  been  computed  from  the  fol¬ 
lowing  equation: 


F. 


5.10  ‘  10'^ 
D 


f-1.3  '  lO'*fD 


(1) 


where 

is  the  radiated  power,  in  watts 

D  is  the  distance  from  the  transmitting  antenna,  in  nautical  miles 
f  is  the  base  of  natural  Ic^arithms  =  2.71828.  .  . 
f  is  the  signal  frequency,  in  cycles  per  sec 
is  the  field  intensity  in  air,  in  volts  per  meter  (v/m). 

This  equation  is  a  modified  form  of  the  empirical  Bald^'in-McDowell  equation,  which  is 
based  on  field  data  obtained  on  signals  from  vU  transmitters  with  known  antenna  effective 
heights  and  measured  down-lead  curients.^  It  has  been  found  to  produce  computed  values 
which,  in  general,  agree  fairly  well  wi'h  field-strength  measurements  at  various  distances 
from  the  transmitter  for  frequencies  below  about  100  kc. 

^Appendix  A  gives  a  derivation  of  the  modification. 
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Fig  .  3  -  R«idi  o  field  st  rengih  over  sea  ate  r  in  i*!-  ju 
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F.^  -  Field  strength  in  air 
Pr  =■  Transmitter  radiated  power  fw.ilts) 
I'  -  Distance  from  transmitting  anti-nna 
f  -  Signal  frequency  (cps) 
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Other  empirical  equations  for  this  frequency  range  have  been  developed  over  the  years 
(Austln-Cchen  and  Espenschled-B^iley),  but  the  field  strengths  predicted  by  them  appear  to 
be  pessimistic  in  comparison  with  scattered  operational  reports  of  radio  field  intensities 
measured  at  various  ranges  by  un.ts  of  the  U.S.  Fleet.  Equation  (1)  is  perhaps  a  little  on 
the  optimistic  side  in  certain  regions,  but  it  is  considered  to  fit  the  limited  operational 
data  available  to  NHL  somewhat  better  than  some  other  theoretical  data  {7),  while  it  Is 
still  not  as  optimistic  as  the  expression  developf'd  by  Pierce  (8,9).  Destructive  interfer¬ 
ence  between  the  ground  wave  and  the  first-hop  sky  wave  (e.g.,  at  about  260  or  300  naut  mi 
for  20  kc)  usually  occurs  with  a  resulting  field  intensity  in  the  interference  region  on  the 
order  of  10  db  or  more  below  that  predicted  by  Fig.  3.  For  the  purpose  this  study,  this 
loss  has  been  lumped  with  other  raise ella^^cous  system  losses  which  prevent  attainment  of 
theoretically  ideal  reception,  although  ii  is  realized  that  a  more  detailed  treatment  would 
be  useful.  At  distances  beyond  about  500  naut  ml,  some  signal  enhancement  by  sky  wave 
may  occur,  but  is  probably  undependable,  because  of  variation  in  conditions  with  range  and 
time.  Pierce  (9)  puts  the  average  sky-wave  level  roughly  6  db  above  the  curves  of  Fig.  3 
in  the  far-range  region.  The  pessimism  of  Fig.  3  relative  to  Pierce’s  curves  is  considered 
to  be  desirable,  however,  because  of  sky-wave  uncertainty. 

The  first  factor  of  Eq.  (1),  5.10  *  ,  indicates  that  the  field  intensity  varies 

inversely  urttb  distance,  as  it  would  In  free  space.  However,  because  of  the  earth’s  absorp¬ 
tion  of  radio  energy  and  the  curvature  of  its  surface,  other  factors,  Included  in  the 
,  -i.jx  lO'tfD  factor,  come  into  play,  resulting  in  the  departure  from  free-space  attenua¬ 
tion  indicated  by  the  solid-line  curves  of  Fig.  3.  For  example,  the  20-kc  field-intensity 
curve  follows  the  inverse-distance  law  out  to  a  range  of  approximately  150  nautical  miles. 
Beyond  this  point,  a  much  more  rapid  decrease  in  field  intensity  occurs.  The  curve  shows 
that  a  20-kc  transmitter  radiating  one  megawatt  in  the  form  of  vertically  polarized  waves 
over  sea  water  should  provide  a  field  intensity  of  more  than  100  *iv/m  out  to  about  7400 
nautical  miles. 

litcreased  range  may  be  obtained  by  increasing  cither  the  effective  radiated  power  of 
the  transmitter  or  the  effective  sensitivity  of  the  receiver.  The  latter  improvement  will, 
of  course,  be  useful  only  when  the  ambient  noise  external  to  the  receiving  system  is,  on 
the  average,  less  than  •internal*  noise.  As  noted  previously,  any  increase  in  cither  powpr 
or  sensitivity  will  in  general  be  more  useful  at  the  lower  frequencies  in  terms  of  increas¬ 
ing  the  range  of  commjinlcations.  This  can  be  shown  from  the  data  of  Fig.  3.  For  example, 
at  the  1000- uv/m  level,  the  range  is  2,200  naut  mi  at  30  kc  and  3,300  naut  mi  at  10  kc.  If 
the  field  intensity  is  increased  by  a  factor  of  ten  (100:1  increase  in  transmitter  effective 
power),  then  the  2U-db  power  increase  will  simply  increase  the  output  signal-to-noise 
ratio  of  the  receiving  system  by  20  db  at  both  10  and  30  kc  (at  the  above-specified  ranges). 
If,  however,  the  20-db  power  increase  is  employed  to  extend  the  range  of  communications, 
by  stipulating  that  the  1000-,..  v/m  field  and  the  original  receiving-system  output  S/N-ratio 
level  be  maintained  as  the  Hu cshold-sensitivity  criterion,  then  the  divergence  of  the 
10-  and  30-kc  propagation  attenuation  curves  indicates  that  the  jnerease  in  raa^c  at  the 
lower  frequency  is  greater  than  (attenuation  is  less  than)  that  at  the  higher  frequency.  In 
this  instance  the  increase  would  be  from  2200  to  about  5700  naut  mi  at  30  kc,  and  from 
3300  to  about  11,500  naut  mi  at  IQ  kc,  a  relative  advantage  oi  about  2.34:1  in  favor  of  the 
10-kc  signal  for  a  10:1  increase  in  field  intensity. 


Allowance  for  Miscellaneous  Operational  System  Losses 

.Any  estimate  of  overall  system  performance  must  include  various  operational  effects 
which  result  in  system  losses  which  cannot  be  avoided.  For  example,  the  sky  wave  (as 
previously  mentioned)  can  cause  signal-interference  effects.  Another  typical  loss  is 
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deterioration  due  to  frequency  misalignment  or  drift.  For  example,  high  atmojjoherir 
noise  levels  can  limit  range  of  reception  by  masking  the  desired  signal,  and  antenna- 
pattern  deficiencies  can  re.strict  radiation  or  response. 

For  the  purposes  of  estimation,  it  is  convenient  to  lump  these  various  separate 
losses  tofjclher.  This  resultant  will  he  defined  as  the  system  loss  which  prevents  attain¬ 
ment  of  ideally  possible  performance  in  the  t>peratlonal  system.  This  loss  /,  can  be 
expressed  as 


(2) 


where 

Eq  is  the  radio  field  intensity  in  air  at  a  range  D  necessary  for  a  reference  value 
of  receiver -output  signal-to-noise  ratio  under  ideal  conditions,  in  volts  per 
meter 

E,  is  the  field  intensity  ren«’\rcd  under  actual  system  operational  conditions  for 
the  same  output  5/N,  i«i  volts  per  meter. 

The  system  operational-loss  allowance  b,  may  \ye  expressed  in  decibels  as 

L,  -  -  20  Iorjq  .  13) 


Field-Interface  Loss 

The  ratio  of  the  electric  field  strength  of  the  retracted  wave  in  water  to  that  of  the 
incident  wave  in  air  depends  ir  x  rather  complicated  manner  upon  the  angle  of  wave  inci¬ 
dence,  the  frequency  of  the  radio  wave,  and  the  dielectric  constant,  ocrmeability,  and 
conduct] viiy  wi  ntedium.  Norgorden  J6)  approximated  this  ratio  by  a  simple  relation 

involving  only  the  frequency  and  the  conductivity  of  the  water  (on  the  premise  that  the 
approximation  should  be  valid  whenever  the  ratio  of  the  conductivity  • ,  expressed  in  esu,*^ 
to  the  frequency  f,  expressed  in  cps,  is  greater  than  about  3600); 

0  )  /  f” 

-TT^Vjr-  HI 


where 

E,(0>  represents  the  radio  fieia  uuensiW  jusi  under  ihe  surface  of  the  water  (at  aeio 
depth),  in  volts  per  meter 

represents  the  field  intensity  in  air  at  the  water  surface,  in  volts  per  meter. 


^The  vinil  for  conductivity  as  expeessod  in  el«ci rostalic  anils  ia  atatmho-cm/aquar*.-  cm, 
which  corres  .iOTids  to  11  »  10"®)/S  mho- meters /square  meter  in  mke  units . 
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Plats  of  this  ratio  for  four  values  of  water  coaductivity  over  the  frequency  range  (ram 
10  to  1000  kc  are  shown  in  Fig.  4.  It  is  evident  from  Eq.  (4)  and  Fig.  4  that  the  interface 
loss  dcrreascs  as  the  signal  freqacncy  increa.ses.  For  example,  with  average  sea  water 
( ■  =  3.6  .  I0'°  esu),  the  ratio  is  3.73  .  10'*  at  10  kc.  but  only  ,3,7.3  •  10"“  at  lOOO  kc,  a 
cicci'case  in  loss  or  increase  in  absolute  field  strength  of  10  to  1  for  a  100-to-l  increase 
in  frequency.  It  should  be  pointed  out  that  the  values  of  conductivity  shown  lor  the  wdiei  - 
salinity  stales  in  Fig.  4  and  Table  1  (and  2dso  in  subsequent  figures)  are  only  approximate 
mean  values;  i.c.,  the  value  •  »  3.6  I0*“csu  given  for  5ea  water  may  range  from  less 
than  2.9  ■  10‘”  to  greater  than  4.2  v  10‘®  esu. 

As  is  appare?it  from  Kq.  (4),  the  field^intcrface  loss  ratio  increases  (the  loss  decreases) 
as  the  water  conductivity  decreases.  At  20  kc,  the  interface  loss  ratio  for  sea  water  is 
5.27  •  10'\  whereas  for  Chesapeake  Bay  water  It  is  9.53  »  10"^.^  The  simplified  Eq.  (4) 
is  not  sufficiently  accurate  for  the  low  values  of  conductivity  typical  of  fresh  water  at  fre¬ 
quencies  above  about  2  kc,  since  tVe  latio  of  conductivity  to  frequency  here  becomes  less 
th.in  the  3600  limit  value  which  Nergorden  a.ssumed  in  deriving  Eq.  (4).  However,  Fig.  4 
does  give  some  indication  o!  the  range  of  variation  to  be  expected  with  conductivity  decrease, 
wilh  the  data  of  doubtful  accuracy  resulting  from  the  use  of  Eq.  (4)  being  shown  in  dashed- 
line  form.  While  admittedly  a  great  simplification  of  the  actual  case,  Eq.  (4)  has  so  far 
given  results  in  fair  agreement  with  the  field -Interface  loss  observed  experimentally  for 
frequencies  near  18  kc. 


Depth-of-Sul)mergen('o  Loss 

The  ratio  of  the  magnitude  of  the  radio  field  intensity  in  water  at  any  depth  to  that 
just  beneath  the  water  .surface  (at  zero  depth)  is  termed  the  field  depth-of -submergence 
Loss,  Norgorden  (6)  has  given  this  ratio  as 


^  (T  .  fir  ,  (5) 

E„(0) 


where 

E*<c/i  represents  tbp  mi^nitudc  of  the  radio  field  at  a  depth  rf  in  feet  below  the  water 
surface,  in  volts  per  meter 

repre.sents  the  magnitude  of  the  radio  field  at  zero  deoth,  in  volts  per  meter 
c  represents  the  velocity  of  light  inair.in  feet  per  second.^ 

^Thr  fiehUi'Uerfaco  lo.ss  ib  here  espressod  torin.-  of  the  ratio  E,(0)/Ea  ,  rathev  than  in 
dfcibels,  because  by  original  definition  the  decibel  is  an  expression  of  power  ratio.  The 
ONpressieu  *0*10  should  not  be  considered  as  the  field-interface  loss  expressed 

in  decibels  as  originally  defined,  sjnrp  that  wovild  imply  that  the  impedance^  of  the  iwo 
nitfdia  were  the  same  (which,  of  course,  is  not  the  situation  in  this  case).  However,  the 
righf-hand  ordinate  st  ale  of  Fig.  4  is  shown  in  decibels,  because  the  introduction  of  nor- 
maliAing  faciors  has,  in  effect,  canceled  the  impedance  variation.  The  factors  are  u\ore 
fudy  de\‘eloppd  later  in  the  report  on  page  34. 

^Appendix  B  gives  mor«>  accurate  expressions  for  Eq.  (5)  and  t  which  are  applicable  a; 
thi  se  frequencies  where  the  relative  dielect~ic  constant  of  the  media  must  be  taken  into 
account. 
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Fig.  4  -  Radio  elect  ric -field  interface  transition  loss.  E,f(0)'E^ 
f  is  frequency  in  cjjs  and  o  is  conductivity  in  esu  (accurate  whe 
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Table  I 

CondvscUvities  of  Various  Water  Types 


1  V.'i^icr 

v.,uiiuuciivny,  '<  (esu) 

Sea 

3.6  x  10*' 

Chesapeake  Bay 

i.l  X  10“ 

Brackish 

3  X  10* 

Fresh 

9  X  10“ 

This  loss  is  the  priut:ipaL  factor  limiting  the  propagation  of  radio  waves  in  water.  As  indi- 
rated  by  Eq.  (5),  it  is  a  relatively  complicated  tunctioii  with  r'  spect  to  water  conductivity 
and  frequency  as  well  as  depth.  Equation  (5)  may  be  transjcrmed  to  a  more  convenient 
and  u.seful  expression: 


L 


A 


-  1  d  - 


(6) 


where 


represents^  attenuation,  in  decibels 
a  is  the  rate  of  attenuation  per  foot  of  submergence,  in  db/fl. 


n  =  0.555  -  10*^  . 


(V 


Figure  5  shows  a  as  a  function  of  frequency  over  the  range  of  I  to  1000  kc,  for  the 
values  of  water  conductivity  previously  given  in  Fig.  4  and  Table  1.  The  curves  indicate 
how  the  rate  of  attenuation  increases  with  increasing  frequency  and  Increasing  water  con 
ductlvity.  For  example,  at  20  kc,  the  loss  in  sea  water  is  about  1.5  decibels  per  foot  of 
submergence,  while  at  40  kc,  the  loss  is  about  2.1  decibels  per  foot.  On  the  other  hand, 
in  Chesape^e  Bay  water,  the  attenualion  rate  is  only  about  0,8  decibel  per  foot  at  20  kc, 


RADIO  FIELD  UTILIZATION 

Loop-Antenna  SignaUCollection  C^auilily  ui  Air 

The  coll-  or  loop-type  collector  has  so  far  been  found  to  be  the  most  useful  and  effec¬ 
tive  form  of  antenna  tor  radio  reception  at  considerable  depths  of  submergence.  The 
signal-collection  capability  of  a  loop  antenna  in  air  may  be  expressed  by  the  ratio  . 

where  is  the  loop  open-circuit  terminal  voltage  (loop  “Induced  voltage”)  and  Is 
the  radio  field  strength  in  volts  per  meter.  For  a  rectangular  open-core  loop  In  air, 
oriented  so  that  its  piano  is  parallel  to  both  the  direction  of  wave  advance  and  the  electric 
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Fig.  5  -  The  rate  of  attenuation  of  the  underwater  radio  field  with  depth 
as  a  function  of  frequency,  aiii  db/ft  --  0.555  r  «  VVx  *  ♦  1  •  x  i 

where 

*  -  Kf/2o 
=  81 

f  is  in  cps 
a  is  in  esu. 
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vector  ol  the  oncoming  wave  in  air  (Fig.  6b),'  the  aignat- collection  or  pickup  capability 
(/^}penclix  C)  may  be  ox^tossed  as 


/2(l  , 


(8) 


where 

b  «  c/f  or  \ 

n  represents  the  number  of  turns  comprising  the  loop  winding 

'I  represents  t/)e  effective  loop -winding  dimension  parallel  to  the  direction  of 
wave  advance,  e.g.,  the  effective  loop  horizonta.  length  per  turn,  In  feet,  for  a 
vertically  polarized  wave  in  air 

t  represents  the  loop-winding  effective  dimension  parallel  to  the  electric  vector 
of  the  wave,  e.g.,  the  effective  lot^  vertical  height  per  turn,  in  feet,  for  a  verti¬ 
cally  polarized  wave  in  air 

repiosents  Uie  electrical  angular  velocity  of  the  wave  in  radians  per  second 
('.•  -  2nf,  where  f  is  the  frequency  expressed  in  cps) 

ft  is  a  conversion  factor,  0.3048  meters  per  foot. 

Since  loop-antenna  signal -collection  capability  is  a  function  of  loop  dimensions  as 
well  as  signal  frequency,  it  is  advantageous  to  standardize  a  particular  set  of  dimensions 
to  facilitate  the  presentation  of  data  calculated  by  the  use  of  Eq.  (8).  For  this  reason, 
a  reference  open-core  loop  K,  consisting  of  a  single  one-fool -square  turn,  has  been  estab¬ 
lished  in  this  report  as  the  standard  for  comparison  of  performance  capability  of  rec¬ 
tangular  loops  of  different  dimensions.  Figure  6a  shows  the  reference-loop  antenna’s 
signal-collection  c^ability  In  air  with  respect  to  the  factor  (V^/EaIo  »  which  refers  to  a 
convenient  reference -induced  voltage  of  one  volt  and  a  reference  field  of  one  volt  per 
meter  In  air.®  Examination  of  Fig.  6a  shows  that  for  any  given  field  strength  in  air,  the 
loop-induced  voltage  increases  in  direct  propiortlon  to  the  increase  in  signal  frequency 
foi'  d\is  size  of  loop  in  the  frequency  range  shown.  For  example,  at  10  kc,  the  loop- 
induced  voltage  relative  to  1  volt  and  a  l-voU-per-metcr  field  in  air  is  -94.2  decibels 
(19.5  uv);  at  20  KC,  11  is  twice  as  much,  or  -88.2  decibels  (38.9  ^v),  while  at  40  kc  it  is 
four  times  as  much,  or  -82.2  decibels  (77.5  #<v). 


ct.'r  whenever  Iwop  v»i*cxi- circuit  terminal  voltage  (induced  vollage) 

is  referred  to  in  this  report,  it  should  be  underetoed  lo  be  the  resultant  of  the  vfcct^.  jur.-. 
of  the  potentials  induced  in  the  loop  conductors  when  its  plane  is  oriented  in  this  mariner. 
Furthe’*more ,  only  veTiicaUy  polarized  ground  waves  are  assumed;  thus  the  top  of  the  r«e- 
tanguiaT  loop  with  length  <1  is  assumed  to  be  always  horizontal  and  level  »  the  surface, 
and  the  sides  vertical  -  including  the  case  when  the  loop  is  subn»evged.  The  very  slight 
error  introduced  by  the  slight  fovwa  rd  tiU  of  the  electric  vector  in  the  direction  of  pro¬ 
pagation  is  neglected. 

g 

A  discussion  on  p.34  gives  further  details  concerning  the  choice  of  referenc*>. 
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(a)  Kcierence-loop  signal-collection  capability  in  air  for  reference  onc-fool- 
square,  single-turn,  air-core,  loop  Ras  a  function  of  frequency  (with  respect 
to  an  induced  voltage  of  onevoltand  afield  strength  in_air  of  one  volt  per  meter, 
refers  to  a  convenient  arbitrary  refereu^o  ii.duced  voltage  of  1  volt 
ana  a  field  of  1  volt  per  meter. 

Fig.  6  -  Loop-aiiitnna  cclleciion  capability  in  air  -  induced  (or  opeii-circuii 
terminal)  voltage  produced  by  a  given  field  strength  in  air 
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(b)  Extension  of  th^treatment  ofloop  collection  capabilvty  in  air  to  include 
loops  with  dintensions  and  number  of  turns  differont  from  those  for  the 
reference  loop. 

Fig.  6  (Continued^  -  Loop-antenna  collection  capability  in  air  -  induced  (or 
open-circuit  (terminal)  voltage  produced  by  a  given  field  strength,  in  air 


NOTE:  The  collection  capability  of  any  given  loop  antenna  in  air  may  be 
expressed  in  terms  of  the  reference  one-foot -sq'ja re,  single-turn,  air-core 
loop  by  defining  a  factor  as  follows: 


or  expressed  in  decibels, 

[r„  "  ao  —■ 

^AR 

In  order  to  simplify  the  presentation,  it  ia  convenient  to  plot  a  curve 
showing  only  the  effects  of  variation  of  .i.  and  o  by  normaliair^g  with  respect 
to  n/n„  and  thus 


\  r/ 

'  JO  lo,„ 

where  [Ff-.  vf5,  f  >1  j  is  shown  in  Fie.  6c 
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LOOP  HORIZONTAL  DIMENSION  a(PC£TI 

(c'l  Relative  loop-antenna  s:gnal-coUection  capability  in  sea  water  {or  several 
freqvttncies  as  a  function  of  ihc  loop  hori?.ontai  dimension 

Fig.  6  (Continued)  -  Loop-antenna,  collection  capability  in  air  -  induced 
(or  open-circuit  terminaU  voUage  produced  by  a  given  field  strength 
in  air 


NOTE;  L-.daclar.cc  and  Q  have  not  Wen  required  to  remain  fixed  with  change 
of  .1 ,  0,  a..vi  n  ivlalive  lo  reference  loop  R  , 
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The  signal-collection  capability  of  any  given  loop  antenna  in  air  may  be  expressed 
relative  to  that  of  the  leference  loop  R  by  a  lacto/  Fca  «  follows: 


licncf* 


(9) 


where  and  are  the  induced  voltages  generated  in  the  two  loops  when  in  any 
(same )  given  lield  in  air.  This  ratio  should,  of  course,  hold  for  any  ot.hor  field  Intensity, 
except  perhaps  where  secondary  effects,  .such  as  iron-core  saturation,  occur-  Equation  (8) 
shows  that  the  loop-antenna  collection  capability  in  air  Is  directly  proportional  to  dimen¬ 
sion  b  and  th  i  number  of  turns  n  and  also  is  a  more  complex  function  of  the  frequency  f 
and  the  dimension  o.  However,  for  frequencies  less  than  about  1  Me  and  dimensions  of 
o  less  than  about  100  feet,  the  loop  pickup  capability  in  aiv  ic  for  practical  purposes 
directly  profortional  to  <7,  h,  n,  and  f ;  i.c.,  a  ten-times  increase  In  either  the  aorb 
dimension,  the  number  of  turns,  or  the  frequency  will  result  in  a  20-decibel  (dbv)“  increase 
in  the  loop-antenna  collection  capability  in  air.  When  fo  <<  5.4  *  10*  and  b  <<  V4  ,  Eq.  (8) 
can  be  very  closely  approximated  by  the  simpler  relation 


_  nbk.iO 

The  factor  in  Eq.  (9)  may  l)c  expressed  in  decibels  (dbv)  as  follows: 


(10) 


[f„  Cl.  D.  n.  -  20  lng,„  (V*/V„)  .  (11) 

In  order  to  simplify  the  presentation  of  this  factor,  it  is  convenient  to  plot  a  curve  show¬ 
ing  only  the  effects  of  variations  of  f  and  a  by  normalizing  with  respect  to  n/iip  and  6/6p 
where  and  Oa  refer  to  the  reference  loop;  thus 


C*^CA  *’•  ^>Jdbv  '  C^'cA  „ 

*  20  .  20  (12) 

Figure  6c  shows  how  the  term  IFr-  (f’-  fllribvl*  changes  for  various  n  dimensions. 

r 

^Vhi»  notation  lias  been  adopted  throughout  this  report  to  differentiate  between  the  true 
decibel,  which  is  an  expression  of  power  rr.tio,  and  a  restricted  ‘*declbci”  which  refers 
to  a  voltage  ratio,  with  the  impedance  aspects  being  treated  as  a  separate  loss  or  gain 
term;  i .  e , , 

db  ’  10  lo,,„ 

-  10  lof.o  (V:/.,)/(V|/rj) 

•  20  loKio  ~  10  logjo  (ri/r?) 

'  dbv  -  Hbr 
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FerrO'JS'Core  materiah?  often  used  to  improve  the  collection  capability  of  loop 
antennas.  Experimental  studlca  (5)  have  :»bown  that  for  in-atr  operation  and  a  ^iven  size 
of  loop  winding,  about  6  decibe<s  increase  in  signal  output  can  be  realized  for  a  given  value 
of  loop  inductance  with  iron  cores  not  much  greater  in  volume  than  the  eciClosed  air  space 
of  the  winding  (see  footnote  1) 


Receiving-System  Performance  Characteristics 
for  In- Air  Operation 

The  sensitivity  of  a  radio  receiving  system  employing  a  loop-type  antenna  is  usually 
specified  in  terms  of  the  field  strength  in  air  necessary  to  provide  a  standard  level  of 
output  and  output  signal -to-nolse  ratio  from  the  receiver.  The  design  of  any  particular 
receiver  will  be  governed  by  the  modulation  type>  rate  of  transmission,  and  bandwidth 
of  the  signals  to  be  received,  the  r«»ceiver  output  power  levels  required,  and  othei  factors. 
Present  Navy  vlf  signals  are  main!/  of  the  keyed-carrier  (cw  telegraph)  type  transmitted 
at  keying  speeds  se*dom  greater  than  about  20  words  per  minute.  Receiver  output  band  • 
width  is  about  200  cps,  and  the  standard  output  power  level  specified  for  performance 
measurement  Is  usually  6  milliwatts  (developed  in  a  600-ohm  or  other  specified  output 
load)  with  20  decibels  output  sigiial-to-noise  ratio 

Design  threshold  sensitivity  s^j,  as  referred  to  in  this  report,  applies  particularly 
to  Morse  code  teiegrapli  and  is  that  cw  input  signal  voltage  which,  when  heterodyned  by 
the  audio-beat  oscillator  of  a  tone -telegraph  receiver,  will  produce  zero-decibel  signal- 
to-noise  ratio  at  the  receiver  output  load  at  the  standard  output  power  level.  The  20- 
declbel  (S/N)o  usually  specified  1^  the  Navy  for  standard  cw  sensitivity  measurements, 

Sjoi  Is  excessively  good  for  end-of-range  estimation  in  a  keyed  cw  system,  since  a  capa¬ 
ble  operator  can  easily  re?*d  the  noisier  signal.  The  loop-induced  voltage  (generated 
by  a  field  which  produces  A^ro-decibel  (S/h%  in  the  output  of  the  associated  receiver 
is  referred  to  as  the  design-threshold  ‘‘voltage-sensitivity”  figure  for  the  entire  receiving 
system,  and  tt»e  field  is  defined  as  th^  design  -threshold  "field  sensitivity.” 

The  principal  rea.«?on  for  specifying  receiving-system  performance  capability  with  the 
loop  antenna  in  air  is  that  performance  measurements  are  much  easier  to  make  (and  there¬ 
fore  are  much  more  rapidly  made)  with  the  loop  in  air  than  are  measurements  with  the 
loop  antenna  submerged.  Additionally,  such  in-air  measurements  show  the  receiving 
system's  performance  capability  with  surface  craft  (e.g.,  a  surfaced  submarine). 

Sensitivity  measurements  made  in  terms  of  field  strength  necessarily  include  the 
loop  antenna's  contribution  to  receiving -system  performance  as  a  collector,  whereas 
voitage-sensiilvity  measurements  (usually  made  wUn  a  signal  generator  and  dummy-loop 
circuit  simulating  the  Impedance  of  an  actual  loop)  do  not  include  loop  signal-collection 
capability  as  a  factor.  The  specified  performance,  of  course,  must  be  achieved  by  the 
combination  (referred  to  as  the  “receiving  system”)  of  the  receiver  proper,  the  lv70p-to- 
receiver  interconnecting  cable  (including  any  coupling  devices),  ana  the  lor.o  antenna 
prober.  Field-sensltlvlty  measurements  are  feasible  for  indicating  the  performance 
capability  of  receiving  systems  employing  loop  antennas  operated  in  air,  because  here 
the  antenna  parameters  are  under  control  of  the  receiver  dp.signer.  Con-sequentiy,  the 
sensitivity  is  often  stated  in  terms  of  the  field  In  air  necessary  to  provide  a  particular 
level  of  output  signal  and  output  signal-to -noise  ratio  with  the  loop  In  air.  However,  it 
will  be  shown  subsequently  that  although  such  a  practice  may  be  acceptable  for  surfaced 
(in-air)  operation,  it  does  not  necessarily  provide  an  indication  of  the  field  necessary  to 
obtain  equivalent  performance  with  submerged  operation. 
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Lcop-Antenna  Signal -Collection  Capability  in  Water 

The  signal-collection  capability  of  a  loop  antenna  totally  immersed  in  water  may  be 
expressed  as  the  ratio  of  its  induced,  or  open-circuit,  terminal  voltage  V*  to  the  under¬ 
water  field  t,  al  the  top  of  the  loop,  i.e.,  v,/Ej.  Norgorden  (6)  derived  an  expression 
for  this  ratio  for  a  rectangular  water -core  loop,  oriented  so  that  its  plane  is  parallel  to 
the  direction  of  propagaiiuii  and  numial  to  the  surface  (refer  to  footnote  7).  Appendix  D 
shows  the  derivation  of  a  converted  form  of  this  expression,  which  has  been  used  as  a 
basis  for  certain  calculations  in  this  report;^® 


noA  t/ 1  -  2ft*cos(*  ^  , 


(13) 


where 


2ii  , _ 

(•'  ” - b  Vfc,  wlien  e/f  >  3600. 

C 

It  is  apparent  that  (as  for  the  case  of  the  loop  in  air)  the  loop’s  signal -collection  capability 
in  water  is  a  function  of  loop  dimensions  as  well  as  the  signal  frequency.  Here,  it  is  again 
advantageous  to  standardize  a  particular  loop  to  facilitate  the  presentation  of  data  calcu¬ 
lated  by  the  use  of  Eq.  (13).  Therefore  the  reference  one-foot-square  loop  R  is  again 
employed  as  the  standard  for  comparing  rectangular  loops  of  different  dimensions.  Figure  7a 
shows  the  reference  loop’s  signal-collection  capability  in  water  with  respect  to  the  factor 
(V,/E,)|,,  which  refers  to  a  convenient  reference-induced  voltage  of  one  volt  and  a  refer¬ 
ence  field  strength  of  one  volt  per  meter  in  water.  1*  The  collection  capability  is  plotted 
for  the  same  values  of  water  conductivity  as  previously  given  in  Table  1. 

It  is  apparent  from  Fig.  7a  that  for  a  given  field  strength  in  water  at  the  top  of  the 
loop,  the  loop’s  signal -collection  capability  Increases  with  both  increase  of  frequency  and 
increase  of  conductivity.  This  effect  is  caused  by  the  Increase  in  rate  of  field  attenua¬ 
tion  per  unit  change  ol  depth  (db  per  foot),  which  results  from  greater  conductivity  and 
higher  frequency.  Die  greater  rate  of  attenuation  has  the  effect  of  making  the  field  at 
the  bottom  of  the  loop  relatively  less  intense.  Normally,  for  small  (compared  to  1/4  wave¬ 
length  in  water)  vertical  separation  of  the  upper  and  lower  elements  of  a  rectangular  loop, 
the  voltage  Induced  in  the  lower  element  by  a  wave  propagating  vertically  downward  adds 
in  nearly  opposite  phase  to  the  voltage  induced  in  the  upper  element.  Therefore,  if  the 
voltage  induced  in  the  lower  element  becomes  less  due  to  field  attenuation  across  the  span 
of  the  loop  while  the  voltage  of  the  upper  element  remains  unchanged  for  a  given  level  of 
field  strength  at  the  top  of  the  loop,  an  increase  in  output  voltage  from  (or  effective 
induced  voltage  in)  the  loop  will  be  realized.  The  length  of  radio  waves  in  water  also 
becomes  'ess  with  increase  in  water  conductivity  because  of  an  associated  decrease  in 
the  velocity  ol  ,..spagation.  ineiviuie  a  greater  phase  difference  can  then  exist  between 
the  voltages  Induced  in  the  upper  and  lower  elements  of  loops  with  relatively  small  verti¬ 
cal  dimensions,  so  that  their  phasor  sum  tends  to  Increase  with  Increase  in  conductivity 
and  frequency  from  this  cause  also. 

^®The  derivation  of  a  more  accurate  expression  which  is  applicable  at  those  frequencies 
where  the  relative  dielectric  constant  of  the  medium  must  be  taken  into  account  is  out¬ 
lined  in  Appendixes  B  and  D. 

^^Further  discussion  on  p.  34  gives  more  information  regarding  the  choice  of  reference. 
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(a.)  Reference-loop  collection  capability  in  water  for  seveial  salinity  conditions  for 
refe  r  enc  e  one -foot- square,  single-turn,  loop  B  as  a  function  of  frequency  (with 
respect  to  an  induced  voltage  of  one  volt  and  a  field  strenoth  in  water  of  one  volt 
per  tneter).  refers  to  a  convenient  arbitrary  reference  induced  voltage  of 

1  volt  and  a  field  of  I  volt  per  meter. 


Fig.  7  -  Loop- antenna  collection  capability  in  water  -  induced  (or  open-circuit 
terminal)  voltage  produced  by  a  given  field  strength  in  water 
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(b)  Extension  of  tJic  treatment  of  loop  collection  capability  in  water 
to  include  loops  with  dimensions  and  number  of  turns  different  from 
those  for  the  reference  loop 


Fig.  7  (Continued)  -  Loop-antenna  collection  capability  in 
water  -  induced  (or  open-circuit  terminal)  voltage  pro¬ 
duced  by  a  given  field  strength  in  water 


NOTE:  The  collection  capability  of  any  given  loop  antenna  in  water 
may  be  expressed  in  terit'®  of  the  reference  one-foot-square, 
single-turn  loop  by  defining  a  factor  7^^  as  follows: 


^  ^  ^  bVfZ.  %  -  -  ^ 

and  a/  f  >  ?  0. 

Expressed  in  decibels 

.  20  log,„  (V,/V„). 


In  order  to  simplify  the  presentation,  it  is  convenient  to  plot  a 
curve  showing  only  the  effects  of  variation  of  f  and  b  by  normalizing 
with  respect  to  n and  thus 


is  shown  in  Fig.  7c, 
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LOof>  veflTiCAi  oiMCN$iQii  »  iFeei) 

(c)  Relative  loop-anteima  signal-collection  capability  in  sea  water  for  several  frequencies 
&6  a  fuAclioi'i  of  llie  loop  verlical  dimension 

Fig.  7  (Continupd)  -  Loop  antenna  collection  capability  in  water  -  induced  (or  open -ci  rcuit 
terminal)  voltage  produced  by  a  given  field  strength  in  water 

NOTE:  Inductance  and  Q  have  not  been  required  to  remain  fixed  with  change 
of  (J,  b ,  and  n  relati'  c  to  reference  loop  R 
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(d)  Relativeloop-antenna  signal-collection  capability  at20kc  for  several  salinity 
conditions  as  a  function  of  the  loop  vertical  dimension 


fREOCENC»  iKiLOCrCLCSI 


(e)  Maximum  •relative  signal-nnllection  capability  achievable  by  employing  rec¬ 
tangular  loop  antennas  with  •'best"  vertical  dimensions  as  a  function  of  frequency 

Fig.  7  (GoW'"”’d)  -  liOop 'antenna  coliecticn  capability  in  water  -  induced  {.  c 
open-circuit  terminal)  voltage  produced  by  a  given  field  strength  in  water 
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It  should  he  noted,  of  course,  that  the  same  increasing  gradient  of  field  Intensity  whirl) 
causes  loop  pickup  capability  to  increase  in  an  increasingly  lossy  medium  wil'  cause  the 
voltage  Induced  In  the  upper  element  of  the  loop  to  decrease  with  Increasing  frequency  and 
conductivity,  as  soon  as  certain  depths  of  submergence  are  reached.  Further  submergence 
will  then  result  in  a  rapid  decrease  in  loop  output, as  will  be  evident  subsequently  (Fig.  9), 

The  signal  collection  capability  ul  any  given  loop  antenna  in  water  may  be  expressed 
relative  to  that  of  the  reference  loop  R  by  a  factor  as  follows: 


hpner 


(14) 


Equation  (13)  has  shown  that  rectangular  loop  .signal-collection  capability  in  water  is  a 
function  of  the  dimensions  a  and  0  and  the  number  of  turns n ,  as  well  as  the  water  conduc¬ 
tivity  CT  and  the  frequency  f .  The  factor  Fev  I"  ^9-  ^4)  may  be  expressed  in  decibels 
(dbvj  as  follows: 


[Fe,  (O.  n.  (■  =  20  Io8,o  ■  U5) 

\**r/ 

Ihe  loop-output  capability  tn  water  is  directly  proportional  to  the  loop  dimension  a  and 
the  number  of  turns  n,  but  It  Is  a  more  complex  function  of  the  dimension  f> ,  the  fre¬ 
quency  f ,  and  the  conductivity  ct.  The  presentation  of  the  Ff.»  factor  can  therefore  be 
Klmpllfied  by  normalizing  with  respect  to  n/ng  and  o/o^  ;  thus 


['"c*  to.  0.  n,  f.  =[f„  (b.  f.  ^)3d..vja^„^ 

'20'‘>k.o{;^)-2'>''>kioQ'  (»6) 

Curves  showing  only  the  effects  of  variations  of  e  ,  f ,  and  u  may  then  be  plotter  as  in 
Flg.7c,  which  shows  how  the  term  lFc»  (6,f.u)!jb,.Jn^„jjChanges  for  various  is  Jimenslons 
for  the  case  of  sea  water.  It  is  seen  that  an  increase  of  the  height  or  vertical  .side  dimen¬ 
sion  b  above  the  reference  height  (1  foot)  produces  no  substantial  increase  in  output  when 
the  frequency  exceeds  1  Me.  Similarly,  output  at  10  kc  does  not  increase  substantially  for 
values  of  b  greater  than  about  15  feet.  It  wilt  be  noted  that  a  constdoable  Increase  tn 
collection  capabtiity  can  be  realizeo  with  the  use  of  loop-antenna  vertical  dimensions 
greater  than  one  foot  for  frequencies  below  I  Me .  The  tnreshold  effect  with  respect  to 
the  b  dimension  appears  to  be  a  function  of  f-*''?.  Figure  7d  indicates  the  variation  in 
relative  loop  capability  to  be  expected  with  water  of  different  salinity  at  20  kc.  It  is 
apparent  that  the  threshold  effect  with  respect  to  the  b  dimension  is  a  function  of  v 
Within  the  range  of  the  b  dimensions  for  which  data  are  sh.own,  the  actual  (or  absolute) 
antenna  collection  capability  in  water  Is  always  higher  with  greater  conductivity,  even 
though  the  relative  data  shown  in  Fig.  fdwith  respect  to  the  b  dimension  indicates  that 
relative  output  decreases  as  water  conductivity  increases.  Tiiis  may  be  seen  by  adding 
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appropriate  numbers  obtained  from  Figs.  7a  and  7d  to  obtain  the  actual  antenna  collection 
capability  in  water  corresponding  to  the  different  size  loops.  For  e.xample,  the  antenna 
collection  capability  for  a  loop  with  a  lO-foot  *  dimension  and  operation  in  sea  water  at 
20  kc  is  about  -9,9  decibels  (+13.5  db  from  Fig.  7d  added  to  -23.4  db  from  Fig,  7a  =  -9.9  db), 
whereas  for  fresh  water  it  is  about  -38.9  decibels;  thus  the  loop  collection  capability  in  sea 
water  is  aboui  29  decibels  higher  than  that  for  f+esh  water  for  this  fr  dimension  and  this 
frequency.  However,  the  sea-V'.Uer  advantage  over  water  of  lower  conductivity  does  fend 
to  decrease  for  the  larger  b  dimension.^.  Dot!  at  other  frequencies  iroiu  which  cur'"<'n 
similar  to  the  20-kc  data  of  Fig.  7d  can  be  plotted  are  .shown  in  Table  2. 

It  is  evident  from  Figs.  7c  and  7d  that  for  each  frequency  and  conductivity  condition 
there  is  a  particular  b  dimension  which  provides  a  maximum  loop  signal -collection  capa¬ 
bility^  This^ jiaxl m u m  is  shown  in  Fig.  7e,  plotted  as  a  function  of  the  fre+aancy  for  two 
conductivity  conditions.  Tliis  phenomenon  is  apparently  caused  by  an  antenna  self¬ 
resonance  effect  which  occurs  when  the  loop  vertical  dimension  is  near  a  half -wavelength 
as  measured  in  water,  for  which  case  the  voltage  Induced  in  the  bottom  part  of  the  loop 
is  nearly  in  phase  with  that  of  the  top  part.  According  to  the  theoretical  derivation  in 
Appendix  E,  which  Includes  both  the  phase  and  attenuation  effects,  the  maximum  occurs 
with  the  b  dimension  equal  to  0.SS35  of  a  wavelength,  as  measured  In  the  water. 

Upon  cursory  examination,  increasing  the  dimension  a  or  the  number  of  ioop  turns  n 
would  appear  to  provide  unlimited  posslbtlfties  with  regard  to  improving  loop  collection 
ability  (Eq.  13).  This,  of  course,  is  true  within  the  limits  imposed  upon  the  dimension  a , 
i.e.,  that  it  should  be  short  compared  with  a  wavelength  In  air.  However,  a  large  antenna 
collection  capability  in  itself  does  not  insure  having  a  high  energy-transler  efficiency  to 
the  receiver.  The  amount  of  power  which  can  be  extracted  from  the  loop  antenna  Is  very 
much  a  function  of  the  loop  antenna  Impedance,  which  in  turn  is  not  directly  determined 
by  the  collection  capability.  Furthermore,  the  Q  and  inductance  of  a  tuned-loop  antenna 
also  vitally  affect  the  performance  capability  of  the  receiving  system.  The  limits  to  which 
a  variation  in  either  o,  h ,  or  n  can  be  taken  without  compromising  the  loop  electrical 
design  and/or  practical  physical  considerations  in  the  water  environment  must  be  pre¬ 
cisely  charted,  for  these  latter  factors  are  an  intimate  part  of  the  overall  design  picture 
and  cannot  be  Ignored  in  any  realistic  appraisal  of  potential  loop-antenna  usefulness.*^ 

The  gains  indicated  in  Fig.  7c  and  Eq.  (13)  as  being  achievable  with  the  larger  loop  dimen¬ 
sions  can  be  applied,  of  course,  in  the  analysis  of  those  communication  systems  that 
incorporate  loop -antenna  systems  (with  such  correspondingly  larger  loop  dimensions) 
which  do  satisfactorily  realize  the  conditions  imposed  by  practical  electrical,  physical, 
and  operational  criteria. 


Hecelvlng -System  Performance  Characteristics 
for  In-Water  Operation 

With  receiving -system  sensitivity  specified  in  terms  of  the  minimum  satisfactory 
field  strength  in  air  which  provides  minimum  acceptable  output  performance,  it  is  incum¬ 
bent  upon  the  system  designer  to  ascertain  that  the  performance  obtained  from  the  system 
will  never  be  poorer  than  that  specified  for  the  receiving -system  sensitivity  figure.  The 
voltage  Vfl  induced  in  the  loop  antenna  in  a  field  which  produces  an  in-air  threshold 


12 


ThlB  charting  remains  as  part  o£  &n  overall  system  optimization  study. 
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sensitivity  Sf,  is  the  lowest  acceptable  level  for  satisfactory  .system  performance  and  must 
at  least  be  achieved  under  all  possible  conditions  of  range  and/or  antenna  submergence  if 
a  satisfactory  comnianication  system  is  to  be  ?stablished. 

For  the  purposes  of  this  repoit.  it  is  assimeri  that  for  a  specified  receiving  system 
sensitivity  figure,  equivalent  performance  is  obtained  whenever  the  same  voltage  is  induced 
in  a  loop  antenna,  independent  of  the  mediiim  (e.g.,  air  or  water)  in  which  the  antcniu  may 
be  placed.  It  is  also  assumed  that  the  equivalent  source  impedance  remains  unchanged 
upon  submergence.^^  Presumably,  this  should  be  the  normal  case,  since  considerable 
care  is  usually  ta<?en  in  the  design  of  loop  systems  to  insure  that  the  impedance  and  Q  of 
the  antenna  do  not  appreciably  ch^'-nge  upon  submergence.  Thus  the  transfer  efficiency 
of  tc  e  lo('P  system  would  not  chan^je  appreciably  either,  and  the  amount  of  inducci^  voltage 
required  obtain  the  specified  performance  should  remain  about  the  same.  If  the  field 
in  wa:‘'r  at  the  loop  antenna  is  sufficient  to  induce  the  same  value  of  voltage  in  the  loop 
in  water  as  obtained  when  the  looj  is  in  air,  then  the  minimi  in  acceptable  system  perform¬ 
ance  criterion  is  presumed  to  have  been  met  (and  a  submerf^ed  communication  system 
providing  design  threshold  sensitivity  output  is  considered  established). 


It  should  be  mentioned  that  then.'  arc  many  other  types  of  antenna  systems  for  which  the 
aafcuiiiptions  made  above  would  not  bo  true  due  to  impedance  and  Q  change  upon  .submer¬ 
gence,  e.g.,  the  electric  or  probe-type  antenna.  This  study  has  been  largely  restricted 
to  loop-type  antenna  systems. 
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IN-AIR  OPERATION 

System  Equations  for  Surfaced  Operation 

Certainly,  for  satisfactory  overall  system  performance,  the  field  actually  produced 
at  a  particular  range  D  must  be  equal  to  or  greater  than  the  field  necessary  for 
producing  minimum  satisfactory  receiver  output.  This  forms  a  basis  for  combining  the 
e?q}rea8ion8  for  the  various  elements  of  a  vlf  communication  system  into  one  unified 
statement,  or  "system  equation,"  which  contains  all  of  the  various  parameters  that 
determine  and  can  affect  overall  system-performance  capability.  Since  Eq.  (1)  gives  a 
direct  e;q}res8lon  for  the  field  strength  in  air  which  will  exist  at  any  particular  range  D 
for  a  given  frequency  and  radiated  power,  and  since  £«  in  Eq.  (2)  Is  equal  to  in  this 
case,  a  system  equation  for  surfaced  operation  can  be  established  in  terms  of  the 
threshold  field  sensitivity  fmeasured  or  specified  at  the  signal  frequency)  of  tJje  receiving 
system^  accordingly, 


_  *-0 
"  'f . 


(17) 


Applying  thU  statement  to  the  analytical  rectangular  open-core  loop  model  which  lias 
already  been  developed  In  this  report,  and  using  the  modified  Baldwln-McDowell  emplrl 
cal  formula  for  the  held  strength,  gives 
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(18) 


This  same  relationship  may  also  be  expressed  conveniently  in  terms  of  the  design- 
threshold  voltage  sensitivity  of  the  receiving  system;  thus 


since,  by  definition, 


'  'sfV,  eV)  • 


v,  /  v*N 


Applying  the  analytical  model  ^  to  Eq,  (19)  gives 
5.10  X  10- ^•-TT 


-I  ^,io  fp 


(  ^  nk  iij/^  -  cos 


(19) 
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IN-WATER  OPERATION 

Induced  Loop  Voltage  for  a  Given  Field  Strength  in  Atr 

Before  eatabllahing  a  similar  eysiera  eguation  for  In- water  operation,  it  Is  first 
necessary  to  determine  the  field  E  in  air  which  will  Induce  a  voltage  v„  in  a  submerged 
loop  antenna  corresponding  to  a  design  threshold  seusilivity  s„  (consistent  with  the 
assumption  previously  discussed  that  equivalent  performance  is  obtained  whenever  the 
same  voltage  Is  Induced  in  the  loop  antenna,  irrespective  of  the  medium  in  which  the 
antenna  may  be  located).  The  ratio  of  the  Induced  voltage  v^tdi  in  a  submerged-loop 
antenna  in  water  at  a  specified  depth  of  submergence  d  produced  by  a  given  radio  field 
strength  in  air  at  the  surface  to  that  field  Is  then  by  definition  equal  to  the  ratio  of  v„ 
to  E„;  or 


Vwf'i)  V, 

Ha 


(22) 


An  identity  may  now  be  established  which  relates  this  ratio  to  several  of  the  system 
elements  already  discussed: 


V  VO'S 

E,(01 

E^f-O 

V^<f) 

2a'  ' 

E^O)  " 

Upon  being  applied  to  the  case  of  water-core  rectangular  loops  and  expanded,  this 
becomes 


\{<i )  1  ■ 

A  '  '2^  ■ 


_ 

e  ^  -  n  0  R  V^l  -  2-  '  cos  +  < 


Substituting  Eq.  (14)  In  Eq.  (23)  gives 


tV.n  E^toi  E^<t> 

2a  "  '^A  ■  2|/'”  *  I  E»fdr' 


or 


vv,p. 

2a  '  2, 


(24) 


(25) 


(26) 


since  Interlace  loss  and  depth-of-submergence  loss  are  both  independent  of 

antenna  rimenstons.  Therefore  the  same  factor,  (as  already  plotted  in  parts  C,  D, 
and  E.  of  Fig.  7),  also  Indicates  the  effect  of  different  loop  dimensions  and  number  oi 
turns  on  Figures  8  and  9  show  (v^.n^  (Vy'E,!,,  the  voltage  Induced  in  a 

reference-loop  antenna  in  water  for  a  given  field  in  air  expressed  In  decibels  below  1 
volt  and  a  field  !n  air  of  i  volt  per  meter.  The  factor  (v^  refers  to  the  convenient 
reference  Induced  voltage  of  1  volt  and  the  reference  Held  of  1  volt  per  meter  In  air. 
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(a)  Voltage  induced  in  reference  loop  antenna  when  just  sub¬ 
merged  for  several  salinity  conditions  with  a  given  field 
strength  in  air  as  a  function  of  frequency  (with  respect  to  an 
induced  voltage  of  one  volt  and  afield  in  air  of  one  volt  per 
meter) 

Fig  -  8  -  Effect  of  water  conductivity  on  the  voltage  induced  in 
reference  one -foot-square,  single -turn  loop  antenna  in  water 
at  two  particulai  depths  for  a  given  field  strength  in  air  as  a 
function  of  frequency 
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VOLTAGE  INDUCED  IN  ft  LOOP  ANTENNA  IN  WATER  FOR  A  FIELD  IN  AiP 
(oe  BELOW  1  ^'OI  T  and  FICl  D  >N  AIR  OF  !  VOLT  PER  METER) 


32 


NAVAL  RESFAftCH  LABORATORY 


CONFIDENTIAL 


FBCOUEMCY  (KILOCYCLES) 


(b)  Voltai,e  induced  in  reference  loop  antcr^i  at  ZO-ft  sub¬ 
mergence  for  several  salinity  conditions  with  a  given  field 
strength  in  air  as  a  fuiiction  of  frequency  (with  respect  to  an 
induced  voltage  c*f  one  volt  and  a  field  in  air  of  one  volt  per 
meter) 

Fig.  8  (Continued)  -  Effect  of  water  conductivity  on  the  voltage 
induced  in  reference  one-foot-square*  single -turn  loop  antenna 
in  water  at  two  particular  depths  for  a  giver*  field  strength  in 
air  as  a  function  of  frequency 
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9  -  Voltage  induced  in  reference  *oop  anteima  submerged  in  sea  ^'ater^or  a 
f,iven  field  strength  in  air  at  the  surface  as  a  function  of  depth  and  T*  :;ue..cy  (with 
respect  to  an  induced  voltage  of  one  »vli  a  wciv*  oirengtn  m  ttii  ly*  w-.s.  .  '-t 
meter)  -  (V,(d)/E*)/(V,/E^). 

V  id)  -  Voltage  induced  in  reference  one-foot-square,  singlc-iut  antenna 

submerged  in  water  to  a  depth  of  d  feet. 

-  Oectric  field  strength  in  air  atthe  surface  directly  above  the  submerged 
loop. 

(V  /E.)  -  Refers  to  a  convenient  arbitrary  reference  of  induced  voltage  with  in- 

*  °  water  operation  of  one  volt  and  an  electric  field  of  one  volt/meter  in  air 
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Perhaps  at  this  point  it  is  pertinent  to  explain  the  purpose  and  underlying  reasons 
for  introducing  the  three  different  unit  reference  factors,  (V^ 

In  each  case  a  normalizing  reference  was  introduced,  so  that  the  quantities  to  be  dealt 
with  would  be  dimensionless  and  therefore  suitable  for  logarithmic  transformation  Into 
more  convenient  computational  forms.  Unit  reference  factors  were  arbitrarily  chosen 
simply  for  r’.'n;crit*.al  convenience.  Finally,  it  was  necessary  to  introduce  different 
reference  factors  in  each  case  so  that  certain  quantities  could  be  properly  expressed  in 
decibels,  as  originally  defined  (l.e.,  ten  times  the  common  logarithm  of  a  power  ratio, 
or  twenty  times  the  common  logarithm  of  a  voltage  ratio  when  the  voltages  ^pear  across 
impedances  of  the  same  value).  Although,  for  example,  and  are  dimen¬ 

sionally  the  same,  they  are  functionally  different,  since  refers  to  a  voltage  Induced 
into  an  antenna  in  the  air  and  refers  to  a  voltage  Induced  into  the  antenna  submerged 
in  water  -  the  essential  difference  being  that  in  general  the  equivalent  source  Impedance 
of  the  antenna  whpn  in  air  might  be  quite  different  from  whal  it  would  be  in  another 
medium,  such  as  sea  water  (however,  since  the  impedance  has  been  assumed  to  remain 
the  same  in  this  ?tudy,  the  distinction  may  perhaps  seem  unnecessary,  except  Insofar  as 
it  helps  to  clarify  th^  interpretation). 

Figure  8a  shows  the  effects  caused  by  water  of  different  conductivity  on  the  Induced 
loop -antenna  voltage  for  a  given  field  strength  in  air  relative  to  that  of  the  reference  one- 
foot-square  single-turn  loop  R  over  the  restricted  frequency  range  of  10  to  40  kc  for  the 
loop  at  zero  depth  of  submergence  (l.e.,  with  the  top  of  the  loop  just  under  the  water 
surface).  It  will  be  noticed  that  the  induced  voltage  increases  considerably  as  the  ire- 
quency  increases  (for  the  zero-submergenco  case),  but  that  it  decreases  only  slightly  as 
conductivity  increases.  However,  as  shown  in  Fig.  8b,  the  situation  is  considerably 
changed  at  a  20 -foot  depth  of  submergence,  for  in  this  case  the  induced  voltage  is  con¬ 
siderably  reduced  by  operation  In  sea  water,  and  the  previous  rising  trend  of  Induced 
loop  voltage  is  reversed  with  frequency  Increase.  It  is  evident  that  increasing  t)ie  depth 
of  loop  submergence  in  water  Increases  the  separation  between  the  induced  voltages  for 
the  four  values  of  water  conductivity  illustrated  in  these  graphs.  There  is  an  apparent 
advantage  in  favor  of  higher  frequency  operation  as  the  water  becomes  fresher.  It  is 
interesting  to  note  that  for  loop  anteraias  submerged  In  Chesapeake  Bay  water  at  this 
particular  depth,  the  response  Is  fairly  insensitive  to  frequency  changes  withir.  the  range 
shown.  It  would  appear  that  such  a  flat  frequcucy-ir>8pon8e  condition  might  occur  at 
some  decreased  depth  in  sea  water,  also.  This  Is  shown  to  be  the  case  In  Fig..  9,  where 
It  appears  that  with  a  ten-foot  depth  of  submergence,  the  induced  voltage  is  relatively 
constant  (variation  is  within  about  1  decibel)  over  the  frequency  range  between  about  10 
and  40  kc.  Figure  9  gives  information  over  a  considerably  wider  range  of  frev^uency 
(0.1  to  1000  kc)  and  for  Increased  depths  of  submergence  (down  to  500  feet)  in  .?ea  water. 
Response  peaks  occur  at  an  Increasingly  lower  frequency  with  increase  in  the  depth  of 
operation.  (A  derivation  of  the  frequency  wdilch  gives  peak  response  at  a  given  depth  Is 
given  in  Appendix  F.)  Figure  9  graphically  shows  the  importance  of  operating  at  the 
lower  frequencies  when  operation  at  considerable  depth  is  desired,  but  it  also  indicates 
that  certain  advantages  might  be  obtained  at  the  higher  frequencies  if  shallow  loop  opera¬ 
tion  should  be  feasible.  Of  course,  the  increased  propagation  loss  in  air  at  the  higher 
fv.««,.oncles  (Fig.  o)  i.u..  ,.ot  been  Lnto  a*  count,  sirice  Fig.  9  assumes  a  fixed  amount 
of  field  strength  In  air  at  the  surface,  immediately  above  the  submerged  loop  antenna. 
However,  In  ^tuations  where  the  in-air  propagation  attenuation  Is  not  a  prime  considera¬ 
tion  (e.g.,  where  the  transmitter  is  in  the  immediate  vicinity  of  a  submerged  antenna). 

Fig.  9  is  useful  for  determining  the  field  in  air  necessary  for  producing  some  desired 
amount  of  induced  voltage  In  a  submerged  water-core  rectangular  loop  antenna  at  some 
particular  depth  in  sea  water. 

Figures  10a  and  10b  show  the  voltage  induced  In  a  loop  antenna  submerged  in  fresh, 
brackish,  and  Chesapeake  Bay  water,  respectively^  over  the  part  of  the  vlf  range  normaiJv 
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(c }  Volta^ e  induced  in  reference  loop  (d)  Voltage  \nduced  i n  refer  ence  loop 

antenna  submerged  to  normal  depths  antenna  deeply  submerged  in  sea 

in  set  water  water 


Fig.  10  (Continued)  -  Effect  of  depth  on  the  voltage  induced  in  reference  loop  antenna 
submerged  in  several  types  of  water  with  a  given  field  strength  in  air  as  a  function 
of  frequency  (with  respect  to  an  induced  voltage  of  1  volt  and  a  field  strength  in  air 
of  one  volt  per  meter) 
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of  Interest  for  submerged-communications  reception.  Figures  10c  and  lOd  give  essen¬ 
tially  the  same  sort  of  infoniialion  as  shown  in  Fig.  9  for  sea  water,  except  in  some  what 
greater  detail,  on  an  expanded  scale  restricted  to  the  vlf  range  and  with  respect  to  the 
same  linear  frequency  scale  used  for  Figs,  10a  and  10b. 


Voltage  Interface  Loss 

The  loss  in  induced  voltage  sustained  by  a  loop  antenna  In  moving  from  a  position 
entirely  In  air  just  above  the  surface  to  a  position  entirely  In  water  but  with  the  top  of 
the  loop  just  under  the  water  surface  Is  termed  the  voltage-interface  loss  and  may  be 
expressed  as  the  ratio  v,(0l  v^.  This  ratio  Indicates  directly  the  amount  of  loss  which 
must  he  compensated  by  an  Increase  in  field  strength  at  a  given  range  to  allow  submerged 
operation  just  beneath  the  surface. 

Another  very  useful  Identity,  similar  to  that  given  by  Eq.  (23),  can  now  be  established 
which  relates  this  ratio  to  several  of  the  system  elements  already  discussed: 


A  t'’ 


V^(dl 
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V»(0) 
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(27) 


Thus  the  voltage  Induced  In  a  submerged  loop  antenna  at  a  specified  depth  for  a  given 
radio  field  Intensity  In  air  Is  equal  to  either  the  product  of  the  field-interface  loss,  the 
depth- of- submergence  loss,  and  the  loop-collection  capability  in  water  (Eq.  23),  or  to  the 
product  of  the  voltage-Lnterface  loss,  the  depth-of-submergeiice  loss,  and  the  loop  col¬ 
lection  capability  In  air  (Eq.  27) . 


Since  the  voltage  induced  In  a  submerged  loop  Is  directly  proportional  to  the  field 
Intensity  at  the  top  of  the  loop  (as  Indicated  by  Eq.  13),  the  depth-of-submergence  loss 
eLqiressed  In  terms  of  the  reduction  In  induced  voltage  Is  the  same  as  that  expressed  In 
terms  of  the  loss  In  field  strength  which  occurs  with  Increased  depth;  l.e., 


v,(d)  F.,(di 

v^To)  “  e^To} 


(28) 


Equating  Eqs.  (23)  and  (27),  and  solving  for  the  voltage- Interface  loss  using  the 
equality  established  by  Eq.  U3),  gives 


v/oi  /ej<0,\ 
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The  ratio  of  the  loop*antenna  coUection  capability  In  water  to  that  In  air  Is  referred 
to  as  G,  the  loop-ajitenna  collection  capability  Improvement,  or  gain,  with  operation  In 
water  as  compared  to  ln*alr  operati<m«  (Equation  30  indicates  that  this  gain  is  also  equal 
to  the  ratio  of  the  voUage*interface  loss  to  the  field- Interface  loss.)  A  comparison  of  the 
curves  of  Fig.  7a  with  the  curve  in  Fig.  6a  shows  that  the  signal  voltage  Induced  In  the 
r€ference-lo<^  antenna  In  water  is  indeed  greater  than  that  for  the  same  loop  in  air  for 
equivalent  field  Intensities  In  both  air  and  water.  The  curves  of  Fig.  11  show  0,^,  the 
improvement  in  collection  capability  with  (deration  In  water  for  the  relerence  loop 
antenna,  plotted  over  the  10-  to  tOOO-kc  frequency  range  and  for  the  water-conductivity 
values  previously  employed.  Th  data  represent  the  difference  (in  decibels)  between 
those  shown  in  fig.  7a  far  water  and  those  In  Fig.  6a  for  air.  An  examination  of  Fig.  11 
shows  that  the  improvement  in  reference  loop-antenna  coUecticn  capability  upon  Its 
submergence  In  water  Is  considerable  for  equal  field  intensities  in  both  mediums.  For 
example,  the  gains  with  reference-loop  operation  In  sea  water  are  2510, 1750, and  1190 
timne  »t  10,  20,  and  40  kc,  respectively.  Thus,  since  Eq.  (30)  indlcatos  that  the  voltage- 
interface  loss  U  the  product  of  the  gain  and  the  field-interface  loss,  it  appears  that  the 
large  improvement  In  loop-antenna  coUectlon  capaldUiy  with  operation  in  water  wlU 
compensate  tn  large  .ncasure  for  the  considerable  loss  in  field  intensity  in  transiting  the 
air-to-water  interface.  Therefore  the  voltage-interface  loss  should  normally  not  be 
expected  to  be  very  large.  Figure  11  also  shows  that  the  pickup  gain,  or  Improvement,  for 
the  reference  loop  decreases  as  U  s  signal  frequency  increases  and/or  the  water  conduc¬ 
tivity  decreases.  Equation  (31)  inolcatcs  that  the  Inqjrovement  in  pickup  for  other  sizes 
of  loops  may  be  obtained  simply  by  multiplying  the  gain  for  the  reference- loop  antenna 
by  the  ratio  of  to  (Eq,  34). 

The  voltage-interface  loss  for  any  given  loop  antewa  may  be  expressed  In  terms  of 
the  reference  loop  R  by  defining  a  factor  Fy,|^  as  foUowa; 


(32) 


By  substituting  Eq.  (9)  Into  Eq.  (27)  and  employing  the  Fya  we  have 
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I'D  »  30  bO  70  >00  ?00  300  500  ?Q0  lOOO 


rfieouEWCt  imiocvcifsi 

Fig.  11  -  Refercnce-loop-antenna  rolUcti on -capability  improvement  with 
operation  in  v/atet  £or  several  salinity  conditions  as  aiunction  of  ircquency 


v,on  \  ^ 
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Comparing  Eq.  (33)  with  Eq,  (25)  leads  to  the  conclusion  that 

*^r»  '  *^viL  '  *^CA  ■  • 


(33) 


(34) 


Combining  the  above  result  with  Eqs.  (30),  (31),  and  (32)  yields  a  useful  expression  for 
the  voltage-interface  loss  ratio  for  the  reference  loop; 


Var  '  Fa  - 


(35) 


Figure  12a  shows  the  voltage- Interface  loss  ratio  for  the  reference  loop,  as  computed  In 
accordance  with  Eq.  (35),  for  three  conditions  of  water  conductivity  and  over  the  same  10- 
to  lOOO-kc  frequency  range  prevlousiy  employed  for  the  field-interface  loss  curves  in 
Fig.  4.  An  examination  of  Fig.  12a  revecis  that  unlike  the  field  curves  of  Fig,  4,  f.e 
reference  voltage-interface  loss  increases  as  the  frequency  increases.  Ai.so  very  evident 
la  the  much  lower  magnitude  of  the  voltage-lntertace  loss  .  atto  as  compared  to  the 


■^Thc  curves  for  h-»-vi9h  water  i.i  Fig.  tia  are  ihowndashed  beyond  aboui  70  be  because 
the  liel.d'ii.lerface  less  equation  (Eq.  4)  used  in  computing  voltage-interface  loss  ha-, 
been  applied  beyond  itn  specified  range  of  validity. 
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(a)  Reference'loop'intenna  voUape-interface  loss  for  several  salinity  con¬ 
ditions  for  reference  one-foot-square,  single-turn  loop  R  as  a  function  of 
frequency. 

Vyyj  *  Induced  voltage  with  reference  loop  in  air  just  above  surface. 
Vy(0)R  -  Indicates  top  of  submerged  loop  at  water  surface,  i.e.,  induccu 
voltage  with  loop  at  zero  depth. 

Fig.  12  -  Loop-antenna  voltage-interface  loss  -  induced  (or  open-circuit 
terminal)  voltage  with  loop  j"«t  subrnerged  in  water  relative  to  that  with  loop 
in  air  for  a  given  field  strength  In  air 
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(b‘  Extension  of  the  treatment  of  voltage-interface  loss  to  include  loops  with 
dime.-sions  and  number  of  tur-JS  different  from  those  for  the  reference  loop. 
Note:  Inductance  and  Q  have  no.  been  required  to  remain  fixed  with  change  of 
Q,  b,  and  n  relative  to  referenc»-  loop  R. 

Fig.  12  ^Continued}  -  Loop-antinna  voltage-interface  loss  -  induced  (or  open- 
circuit  terminal)  voltage  wit  i  loop  ^ust  submerged  in  water  relative  to  that 
with  loop  in  air  for  a  given  fl»  Id  strength  in  air 
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toss  ratio.  For  e-oimple,  with  a  given  fieid  strength  in  air,  the  loop  open- 
pirz-iitt  t, -r„>ipp!  -"itaje  in  sea  water  at  10,  20,  and  40  kc  is  O.oiO,  0.817,  and  0.886  of  the 
voltage  for  tlie  same  loop  in  air,  whereas  the  field  intensity  in  sea  water  is  only  3.72  • 

10  5.25  .  10  *,  and  7.41  .  10  *  of  the  field  in  air,  respectively. 

Since  the  voitage-interiaee  loss  for  the  reference  loop  is  rather  small,  being  on  the 
order  of  10  percent  or  lers  in  the  vlf  range,  It  Is  evident  that  the  gain  or  Improvement  In 
loop-antenna  collection  capability  with  operation  in  water  very  nearly  compensates  lor 
tlie  large  field-interface  loss. 

The  voltage-interface  loss  for  rectangular  open-core  loops  with  dimensions  other 
than  those  of  the  reference  loop  may  be  calculated  directly  from  the  following  expression 
(or  from  the  data  in  Figs.  12c  and  12d,  using  Eq.  32),  which  has  been  derived  by  expand¬ 
ing  Eq.  (29)  In  terms  of  the  expressions  developed  for  the  analytical  rectangular  open- 
core  loop-antenna  model: 


V''!  a  //  .  \ 

1  -  2t  cos  c  t  f  \ 

''a 

[  l-cosl^  / 

(36) 


It  Is  apparent  that  the  voltage-interface  loss  Is  not  a  function  of  the  number  of  turns  In  a 
loop.  Therefore  Fyj^  must  also  be  an  Independent  function  of  n.  An  Investigation  of 
Eq.  (36)  as  a  function  of  loop  dimension  o  has  revealed  that  tlie  voltage-interface  loss  Is 
essentially  Independent  of  o  wherever  fa  «  5.4  x  10®,  since  .  TH  -  cos  a '0)1,  which  Is 
then  very  nearly  equal  to  ..  a  c  (as  shown  in  Appendix  C),  In  effect  cancels  the  only  other  a 
factor  In  the  expression.  This,  of  course,  results  In  Fvil  ^*8°  being  essentially  Inde¬ 
pendent  of  a  (within  the  restrictions  mentioned  above).  Expressing  Eq.  (32)  In  logarithmic 
form  gives 


20  lo«io  FyjL  (a.b.f.)  -  f  ■'  '' rlliv 


-  F-.fa.f) 


20  loBio  (i^)  -  20  loB,o 


(37) 


When  fa  «  5.4  x  10", 


20  lox,„  Fy,L  (a.b.l.  ■>  i  20  loH,„  FyjL  (b.l.,  )  . 


(38) 


Figure  12c  shows  Fy,^  <6.  f . .,)  plotted  as  a  function  of  tlie  b  dlraensl-'n  for  several 
frequencies  between  0.1  and  1000  kc  for  the  case  of  sea  water.  The  curves  show  that  a 
greater  voltage-interface  loss  results  with  larger  b  loop  dimensions.  The  loss  Is  also 
greater  with  higher  frequency  for  values  of  b  greater  than  one. 


The  effects  of  variation  In  the  water  conductivity  on  the  Fyj^  factor  at  20  kc  Is  shown 
In  Fig.  12d.  It  may  be  seen  that  there  Is  little  effect  for  loop  antennas  with  b  dimensions 
less  than  about  one  foot,  but  that  the  relative  voltage-interface  loss  factor  Increases 
considerably  as  the  conductivity  approaches  that  of  sea  water  for  the  larger  b  dimen¬ 
sions.  Table  3  gives  similar  data  for  several  other  frequ'-nclcs. 


Figure  13  shows  In  a  more  direct  fashion  the  difference  In  loop-antenna  Induced 
voltage  for  a  given  field  strength  In  air  between  In-alr  and  submerged  operation.  The 
voltage  induced  In  the  reference  loop  for  a  fixed  field  In  air  Is  shown  plotted  over  the  vlf 
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Fig.  15  •  Vollagc  induced  in  reference  one-foot-square, 
single-turn  loop  anienna  for  a  unit  field  strength  in  air  for 
(1)  operation  just  in  air  at  surface,  and  (2)  operation  just 
submerged  in  sea  water 

range  from  10  to  30  kc  for  the  just-submergea  condition  In  sea  water  (l.e.,  fi  =  0,  or  with 
tlie  top  of  tlie  loop  just  below  the  sea  surface)  and  the  just-ln-air  condition  (l.e.,  bottom 
of  loop  just  above  the  surface).  The  difference  between  these  two  curves  at  any  frequency 
shown  corresponds,  of  course,  to  the  voltage-interface  loss  ratio,  ''ar*  loop- 

induced  voltage  per  unit  of  field  strength  Is  shown  relative  to  one  volt  and  a  field  strength 
i‘i  air  of  one  volt  per  meter. 


Loss  Compensation  Necessary  for  Underwater  Operation 

For  satisfactory  performance  with  underwater  loop  operation,  the  field  strength  in 
the  air  immediately  -above  the  surface  over  the  loop  antemia  must  be  suffcciently  greatp** 
than  that  field  which  would  be  satisfactory  for  In-alr  loop  operation  to  compensate  for  the 


discussion  on  p.  34  with  regard  to  the  choice  of  references  is  particularly  pertinent 
in  the  interpretation  of  Fig.  13. 
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voltage-interface  and  dcptti-of-suhmcrgence  losses  for  whatever  operational  loop  depth 
Is  required.  I  b  Equation  (22)  related  the  ner-ssary  field  for  satisfactory  submergea- 
loop  operation  to  the  necessary  loop-induced  voltage  for  threshold  sensitivity,  and  Eq,(20) 
related  the  necessary  loop-induced  voltage  for  this  o.  f.ut  to  the  In-alr  field  sensitivity 


cclvlng 


which,  after  establishing  another  Identity,  explains  the  basis  for  the  above  statement; 


f-A 

K, 


.0 


W' 


v^(a)  v^o) 

Va  ''a  ' 


(39) 


Being  Independent  of  receiving-system  parameters,  the  depth-of-submergence  loss  may 
be  rather  easily  determined  and  taken  Into  account  when  totaling  up  and  allowing  for  the 
various  losses  In  the  system.  However,  the  voltage-interface  loss  for  any  particular 
receiving  system  mu-st  be  known  In  order  (o  relate  properly  the  field  strength  In  air 
which  is  required  to  provide  design  threshold  performance  with  submerged  operation  to 
the  tn-alr  field  sensitivity  figure  tor  the  same  receiving  system.'*’  Thus,  at  least  two 
measurements  are  necessary  for  determining  the  performance  capability  of  a  receiving 
system  for  submerged  operation:  the  In-alr  field  sensitivity  Ea,,  and  the  voltage- 
interface  loss  v^fO)  v^.  The  voltage-interface  loss  Is  unfortunately  a  rather  complicated 
function  of  the  various  parameters  of  the  receiving  system.  Perhaps  the  most  satisfac¬ 
tory  method  of  determining  the  voltage-interface  loss  for  an  actual  receiving  system  Is 
to  measure  it  experimentally  by  noting  how  much  the  Induced  voltage  drops  as  the  antenna 
is  lowered  to  a  position  Just  beneath  the  surface. 

An  analytical  expression  for  the  voltage-interface  loss  may,  ol  course,  be  used 
whenever  a  satisfactory  one  Is  available,  for  example  the  case  of  the  expression  (Eq.  36) 
developed  for  the  rectangular  open-core  loop  antenna.  Hence,  evaluating  Eq.  (39)  for  E„, 
the  radio  field  required  In  air  for  minimum  satisfactory  system  output  performance,  for 
the  rectangular  open-core  loop  case,  gives 


System  Equations  for  Submerged  Operation 

'T.'ic  '-p-"'5sii"ns  for  the  various  elements  of  a  vlf  submerged  communication  system 
may  now  be  combb  ed  In  the  .same  maraier  as  was  done  in  the  case  for  surfaced  opc.olion. 
Using  again  the  bas.c  relation  j  r,,  and  substituting  Eqs.  (2)  and  (39),  a  system 
equation  for  submerged  operation  can  now  be  established  in  terms  of  E/.  ,  the  threshold 
field  sensitivity  In  air  (measured  or  specified  al  the  signal  frequency)  of  the  receiving 
system; 


'  ^fbe  assumptions  outlln.-d  on  p.  28  are,  of  course,  partiruiarly  pertinent  here  .tnd  should 
not  be  sine*-  they  undfriy  this  discussion. 
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(41) 


Using  the  modified  Baldwln*McDowell  empirical  formula  for  E^,  and  applying  It  to  the 
case  of  the  rertangii.lar  <^en-corc  loop  antenria,  gives 


5.  :l' 


>  10 
~D 


3-10  *  f  n 


-  2t^  cos  t'  *  t 


(42) 


Substituting  tor  from  Eq,  (20)  allows  this  relation  also  to  be  expressed  conveniently 
In  terms  ot  the  threshold  voltage  sensitivity  of  the  receiving  system;  thus 


Vo 

rv.fon 

'•L*aJ 

LttJ 

.V.fOlJ 

(43) 


nr,  expanding  In  terms  of  the  anfdyUcal  model, 


S.l'i 


10-  •*  .'p' 
D 


^-1.3.10  •(»  , 


id 

f,n  a*  «  d 


vtiy 


(I  -  cos  0 


(44) 


The  basic  system  equations,  Eqs,  (41)  and  (43),  are  stated  in  very  general  terms  and 
contain  all  ol  the  various  elements  that  determine  and  relate  to  overall  performance 
capability  of  almost  any  submerged  system.  The  other  system  equations,  Bgs.  (42)  and 
(44),  are  stated  In  more  specific  terms,  because  they  contain  all  of  the  various  param¬ 
eters  tliat  determine  the  overall  performance  capability  of  a  particular  submerged 
system  using  a  rectangular  open-core  loop  antenna. 


It  Is  evident  upon  comparing  Eqs.  (17)  and  (41),  and  also  Eqs.  (19)  and  (43),  that  the 
principal  factors  limiting  the  underwater  reception  of  radio  signals  and  which  make  the 
equations  for  surfaced  operatt^m  different  are  the  voltage-interface  loss  and  depth-of- 
submergence  loss,  V,ji0)/v^  and  v^(d)/v„(0),  in  other  words,  if  these  losses  could  be 
made  negligible  the  equations  would  become  Identical,  since  the  voltage  ratios  would  then 
be  equal  to  unity.  For  surfaced  (deration,  of  course,  these  losses  are  ufgUglblc,  and 
Eqa.  (41)  and  (43)  can  be  applied  for  In-alr  operation  as  well.  Therefore,  Eqs.  (41)  and 
(43)  can  be  Interpreted  as  general  system  statements  which  apply  both  for  surfaced  and 
submerged  operation. 
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m.  RANGE  DETERMINATION 
OPERATIONAL  DEPTH  AS  A  FUNCTION  OF  RANGE 

The  system  equations  which  culminated  the  previous  discussion  can  be  solved  for  the 
maximum  loop-antenna  dcplii  for  reliable  commumcalion  at  a  given  range.  Such  end-of- 
range  limits  ar.  usually  of  primary  conrern  for  naval  operatio.nn!  planning.  The  end  of - 
range  limit  is  here  taken  as  that  point  of  operation  where  ^  .  or  in  other  words, 

where  the  radio  field  produced  is  just  equal  to  that  required  for  minimum  satisfactory 
system  output;  allowing  for  operational  losses  as  may  be  necessary.  In  order  to  apply 
the  equations  to  the  determination  of  permissible  depth  of  submergence  in  any  specific 
practical  situation  where  numerical  results  are  desired,  it  is,  of  course,  necessary  to 
choose  specific  numerical  values  for  the  various  other  parameters  in  the  equations.  The 
parameters  which  must  be  specified  are  transmitter  radiated  power  P,,  system  miscel¬ 
laneous  loss  factor  /  water  conductivity  loop  dimensions  n  and  b,  number  of  turns  n 
on  the  loop  antenna,  the  range  D,  the  signal  frequency  f,  and  either  the  receiving-system 
in-alr  field  or  voltage  sensitivity  or  v^,  respectively. 

To  illustrate  the  application  of  tlie  system  equations  for  determining  design  end  of 
range,  certain  numerical  values  have  been  selected  which  are  more  or  less  typical  of  the 
current  operational  situation.  The  radiated  power  has  been  chosen  as  one  megawatt,  on 
the  basis  of  an  estimated  radiated  power  capability  for  the  new  Maine  vlf  transmitter  now 
under  construction.  For  “ideal”  system  conditions,  no  allowance  need  be  made  for  miscel¬ 
laneous  operational  system  losses,  in  which  case  L,  =  0  db  (or  (,  =  1).  For  more  practical 
system  conditions,  however,  a  15-db  system  loss  has  been  found  to  approximate  actual 
operating  experience  on  the  basis  of  scattered  operational  reports.  A  5-db  variation  about 
this  value  might  be  expected  in  practice.  Sea  water  (v  taken  as  3.6  «  lo'”  esu)  has  been 
chosen  for  all  range  calculations.  A  30-turn,  one-foot-square  open-core  tuned  loop  antenna 
has  been  selected  as  roughly  approximating  the  loop  antenna  currently  in  operational  use. 
Range  has  been  chosen  to  include  the  largest  ever  likely  to  be  needed.  A  frequency  of  20  kc 
has  been  chosen,  in  the  middle  of  the  vlf  band,  as  being  fairly  representative  of  the  entire 
band.  A  decigr.-  threshold  field-sensitivity  figure,  i.e.,  with  (S/N)o  =  0  db,  of  2.2  uv/mat 
18.6  kc  has  also  been  selected  as  representative  of  the  omnidirectional  sensitivity  which 
should  be  achievable  with  such  a  loop  system  when  tuned  to  resonate  at  the  signal  fre¬ 
quency.'^  A  voltage  sensitivity  of  2390  ej'v  has  been  determined  as  consistent  with  the 
30-turn,  one-loot-square,  tuned  loop  antenna  and  a  value  of  V^^/Ey^  at  18.6  kc  of  -88.8  db 
(Fig.  6a). 

Equation  41  may  be  restricted  to  the  end-of-range  case,  rearranged,  and  expressed 
in  declljels  using  a  logarithmic  transformation  in  the  following  manner  (using  Eqs.  3  and  6): 


or 


■  0. 

(45) 

Kl 

(46) 

Note;  A  current  development  program  (10)  shows  some  promise  of  an  approxima.te 
4;1  improvement  in  receiving-system  sensitivity  with  a  ferrite -core  omnidiret-tional 
loop  antenna . 
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where 


Sj  fopr<'sents  20  Jf'Cio 


and 


represents  -20  logjQ 


Figure  14  shows  a  plot  of  permissible  depth  of  loop-antenna  submergence  for  design 
threshold  sensitivity  output  as  a  function  of  range  at  20  kc  for  several  conditions  of  miscel¬ 
laneous  system  loss  as  calculated  using  £r4.  (46),  which  provides  a  convenient  form  for 
computation  in  conjunction  with  Figs.  3,  5,  and  12a.  For  example:  according  to  Fig,  3, 
s  120  Mv/m  ,  or  34.72  db  above  2.2  Mv/m  at  7000  naut  mi,  so  that  S,=  34.72  db;  the 
voltage-interface  loss  for  sea  water  ar.  indicated  in  Fig.  12a  is  only  r.lx)ut  0.75  db;  allow¬ 
ing  a  20  db  operational  system  loss  leaves  an  excess  of  about  13.97  db  (34.72  -  0.75  -  20) 
which  can  be  allowed  for  depth  loss;  dividing  this  figure  by  1.40,  the  value  for  a  obtained 
from  Fig,  5,  gives  a  maximum  allowed  depth  of  about  9.4  ft  for  the  conditions  specified. 

A  reduction  of  10  db  in  transmitter  radiated  power,  from  1000  to  100  kw,  would  reduce  the 
depth  capability  of  the  system  shown  by  about  6.7  ft  at  all  ranges  at  20  kc.  Figure  14 
directly  indicates  the  advantage  in  range  to  be  gained  by  loop-antenna  operation  fairly  near 
the  surface.  It  is  shown,  also,  that  on  the  basis  of  15  db  extra  system  loss,  loop  submer¬ 
gence  to  about  20  ft  is  feasible  at  a  range  slightly  in  excess  of  4000  naut  mi  for  propagation 
entirely  over  sea  water  from  a  transmitter  radiating  one  megawatt  for  loop-system  design 
threshold  sensitivity  output  conditions,  i.e.,(S/No)  =  0  db.  Propagation  pathb  which  are  partly 
over  land  and/or  Ice^S  can  be  expected  to  reduce  seriously  the  feasible  depth  of  loop  sub¬ 
mergence  at  this  range,  or  the  range  for  a  given  depth. 


OPERATIONAL  RANGE  AS  A  FUNCTION  OF  FREQUENCY 

The  selection  of  the  carrier  frequency  is  a  very  important  parameter  in  the  desifm  ol 
an  effective  submerged-reception  radio-communication  system.  The  system  equations 
can  also  be  transformed  and  solved  to  give  the  maximum  theoretical  range  for  reliable 
communication  at  a  given  depth  of  operation  as  a  function  of  frequency.  Expressing  Eq.  (42) 
in  this  manner  gives  a  transcendental  equation  with  respect  to  range  D: 


D.1.3 


10' D 


E.  t 


l-cos(o>r7/c)/ 


(47) 


The  effects  on  vlf  field  strength  of  propagation  over  ice  are  not  so  well  charted  as 
they  are  for  propagation  wer  land.  More  precise  information  in  this  regard  should 
be  available  tipon  completion  of  the  IGY  program. 
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(b)  Theoretical  range  vs  frequency  for  l5-db  systero-W.s.^  condi¬ 
tions  (which  correspond  to  a  12,}6-</v/in  field  scnsitlvitv  with  no 
extra  system  loss). 

WOTE;  The  lZ.36->iv/n\  field-sensilivily  figure  is  probably  prac¬ 
tical  only  in  the  18-ke  frequency  region 

Fig.  15  (Continued;  -  Thccr-tical  range  v.^;  frequency  at  vari^jus 
depths  of  loop  submergence  b-iscd  on  propagation  entirely  over 
seawater  and  a  fixed  field-  sensitivil  y  condition  for  a  loop  receiv¬ 
ing  system  employing  a  onc-fooi-squart,  open-core,  30-turn  loop 
antenna 
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Such  an  equation  is  perhaps  best  solved  using  numerical  techniques.  Hange  has  been  com¬ 
puted  using  Nev/ton’s  iterative  method  to  solve  this  equation  for  frequencies  extending 
from  5  to  100  i.c.  The  same  numerical  values  for  tie  various  parameters  were  used  here 
as  those  previously  selected  for  calculating  the  data  for  Fig.  14;  these  parameters  are 
considered  as  being  reasonably  typical  of  the  curre:it  opera.lonal  situation.  Figure  15a 
shows  the  values  of  range  obtained  for  the  “ideal”  system  case,  and  Fig.  15b  shows  those 
for  the  more  practical  15-db  extra-systf^m-losa  sitiatlon.  The  advantage  of  operation  at 
the  lower  frequencies  is  quite  apparent.  The  two  princlpa*.  causes  of  the  decreased  range 
at  the  higher  frequencies  are,  of  course,  the  increased  propagation  attenuation  in  the  air 
and  the  increased  depth-oi'-subinergence  loss. 

Figure  16  shows  the  range  (or  surfaced  (in-air)  operation  as  a  function  of  frequency 
for  both  fixed  field  sensitivity  and  fixed  voltage  sensitivity  and  for  both  ideal  and  15-db 
system-loss  conditions.  Comparing  njrve  A  on  Fig.  16  with  the  d  =  0  curve  on  Fig.  15a 
indicates  that  there  is  a  rather  slight  loss  of  range  with  Uie  loop  antenna  just  submerged. 
This  Is  consistent  with  the  Information  presented  Ui  Fig.  13;  l.e  .  the  v.^Uago-lnterface 
loss,  which  alone  accounts  for  the  loss  In  range  with  just-submerged  operation,  Is  not 
very  large  for  a  one-foot-square  loop  antenna.  The  equation  used  for  computing  surface 
range  for  a  fixed  field  sensitivity  is  somewhat  simpler  tlian  Eq.  (47): 


0^1.3  io**fD  -  5  10  *  10-3*^/,  (4E) 


FflEO^'EHC't  u»i.oc»c\.esi 


Fig.  16  -  Theoretical  range  vs  fre¬ 
quency  for  surfaced  operation  based 
on  propagation  entirely  over  sea 
water  with  a  one-foot-aquarc,  open- 
core,  30-turn  loop  antenna  showing 
both  fixed  field  and  fixed  voltage 
Bcr.'  iti'  ity  conditions 

NOTE;  2,2-Mv/m ‘e2390/<^  v  induced 
in  a  30-turn  loop  at  18.6  kc;  the 
2.2->'V.^rp.  field- sensitiv-ity  figure  is 
probably  practical  only  in  the  18-kc 
frequency  range 
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It  should  be  pointed  out  that  the  2.2-  ..v/n.  -threshold  lield-scnsitivity  figure  which 
was  established  at  18.6  kc  is  probably  not  strictly  applicable  across  the  large  fretjuency 
range  shown  in  F’igs.  15.  and  16.  since  the  field  sensitivity  would  normally  be  exi)ectt  d  to 
become  better  with  an  increase  in  frequency.  A  fixed  voltage  sensitivity  across  the  fre¬ 
quency  range  is  prolxibly  more  realistic.  Curve-s  C  and  D  nave  thus  iu»cn  plo.icd  on  Kig.  16 
for  ctniiparison  with  the  Jixed-field-sensitivity  carves  (A  and  B).  The  lixed- field-sensitivity 
curves  intersect  the  fixed- voltage-sensitivity  curves  at  alxmt  18.6  kc.  since  it  was  at  this 
frequency  that  the  figure  for  voltage  sensitiviiy  was  established  to  give  output  pcrfonnaiu  «• 
equivalent  to  that  provided  by  a  2.2-  'V/m  radio  field.  The  equation  used  for  eomputing 
surface  range  for  a  ii.xed  voltage  sensitivity  is  liased  on  Eq.  (21),  i.e.. 


.  ..  •  ft  ( 


6.  lo 


1  -  v/f  ) 


U.sing  Eq.  (44)  as  a  basis,  an  equation  for  computing  range  fur  submerged  operation 
with  fixed  volta^'  sensitivity  can  be  expressed  as 

]/'p'  I  _ ..... _ _ 

I, .1.3-  io-"fD  5.10.  10-3  _l_i  yr -d  |ff.'20)(i-2. '>03  •.,2',.  ;sa) 


Figures  17a  and  l7b  show  the  theoretical  range  versus  frequency  with  fixed  voltage 
sensitivity  at  various  depths  of  loop  submergence  for  the  same  numerical  values  used 
previously  for  calculating  the  data  for  Figs.  14,  15.a,  !5b,  a:;d  16.  Above  18.6  kr,  the  curves 
show  increased  range  as  compared  to  tha:  shown  in  Fig.  15  for  fixed  field  sensitivity. 

Figure  17  probably  represents  a  more  reaii^ic  appraisal  of  actual  communication  system 
c^ability^  and,  therefore,  should  be  the  type  used  as  a  basis  for  freqiu_ency  selection  in 
systeni  design. 


THE  RELATION  BETWEEN  LOOP- ANTE;NNA  DIMENSIONS 
AND  OPERATIONAL  RANGE  CAPABILITY 

Since  the  system  equations  encompass  all  of  the  elements  .and  pai  ameters  in  a  system, 
they  provide  a  useful  basis  fur  determining  how  various  paramctois  can  affect  range  capa¬ 
bility.  The  relation  between  the  .size  of  the  loop  antenna  and  range  capability  is  of  parti¬ 
cular  interest.  Equation  (47)  is  already  expressed  in  a  useful  form  for  studying  the  effects 
on  range  caused  by  different  loop  dimensions  for  fixed  field-sensitivity  conditions. 

It  .should  be  realized  that  the  condition  of  fixed  field  sensitivity  is  normally  not  a  very 
practical  condition,  since  the  figure  for  field  seiis’tivity  v.:il  usually  change  considerably 
with  a  change  in  loop  dimensions.  Figure  18  has  nevertheless  been  plotted  to  shtjw  how 
end-of-range  capability  would  vary  as  a  function  of  frequency  for  loop  antennas  of  three 
different  vertical  heights  with  respect  to  a  fixed  threshold  field  sensitivity  (as  mea.sured 
in  air)  of  2.2  ^v/m  at  all  frequencies  and  for  all  three  loops.  In  the  practical  sense,  such 
a  field-sensitivity  value  is  most  likely  to  be  applicable  for  loops  about  one  foot  square  in 
the  18-kc  frequency  region.  However,  the  figure  dors.  o(  course,  give  valid  information 
wherever  a  2.2- -threshold  field  sensitivity  is  applicable,  and  it  may  Uierefure  be 
used  to  this  limited  extent  fur  operational  prediction.  The  decreased  range  capability 
indicated  for  the  larger  loops  is  caused  by  the  increased  voltage-interface  loss  which 
occurs  with  the  larger  b  dimensions.  The  figure  indicates  that  range  based  on  a  fixed 
field  sensitivity  is  independent  of  the  loop  horizontal  length,  or  -i  aimension.  This  billows 
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(a)  Theoretical  range  vs  frequency  for  ideal  system  conditions  (i.e,, 
with  a  2390-^mv  cle  sign  thresliold  voltage  sensitivity).  2J90<^Mv;;:r  2.2/rv/m 
at  18,6  kc  with  no  extra  system  loss. 

Fig.  17  -  Theoretical  range  vs  frequency  at  various  depths  of  loop  8ub~ 
mergence  based  on  propagation  entirely  over  sea  water  and  a  fixed 
voltage  - sensitivity  condition  for  a  loop  receiving  system  employing  a 
one -mot  - square,  open-core,  30-turn  loop  antenmi 
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(b)  Theoretical  range  vs  frequency  lor  15-fb  system-loss  conditions 
(which  correspond  to  a  l3,43Z-a--v  voltage  sensitivity  with  no  extra 
system  loss}.  13,432;«<v  fa  12.36ir‘'/m  field  strength  at  18,6  kc,  which 
represents  i5-db  system  toss  relative  to  ideal  threshold  sensitivity 
conditions . 

Fig.  17  (Continued)  -  Theoretical  range  v»  frequency  at  various  depths 
of  loop  subme rgence  based  on  pi'opagation  entirely  over  sea  water  and 
a  fixed  voltage- sensitivity  condition  for  a  loop  receiving  system 
employing  a  one-foot- squa  re,  open-core,  30-turn  loop  antenna 
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since  the  voltage-interface  loss  is  essentially  infiependent  of  changes  in  the  o  dintensiun.  Of 
course,  loop  antennas  with  larger  n  dimensiuns  usually  have  increased  field  sensitivity. 
Keeping  field  sensitivity  fixed  with  respect  to  frequency  and  antenna  dintensional  chanpcG 
(Fig.  18)  is  unrealistic  for  at  least  three  reasons;  fa)  field  ffcnsitivity  normally  improve.^ 
with  an  increase  in  frequency,  fh)  ionp-Aiiipniiii  collection  capability  also  ituprove.r.  wiihiii 
limits,  with  an  increase  in  the  loop-antenna  dimensions,  and  (c)  any  increase  in  loop-antenna 
dlmensinnr  r’lsi  re.'sult  in  an  inrrease  in  loop  equivalent  source  iiijpedtiJice  which,  in  turn, 
will  tend  to  decrease  the  available  power.  The  curves  in  Fig.  18  present  factual  (but  not 
necessarily  practical)  information  which  shows  the  effect  which  various  loop  dimensions 
ran  have  on  overall  system  range  capabirUy.  It  should  be  understood  that  except  for  thrir 
effect  on  voltage -interface  loss  (which  has  been  explicitly  takeji  care  of  in  the  calculations), 
both  the  loop’s  physical  dimensions  and  electrical  parameters,  such  as  impedance 

and  Q,  are  automatically  taken  into  account  in  the  overall  system  analysis  when  the 
receiving-system  field  sensitivity  in  air  is  measured  or  specified. 

A  plot  with  fixed  voltage  sensitivity  is  more  indicative  of  actual  operational  range 
capability  and  therefore  is  much  more  useful  for  system  design  purposes.  It  is  possible, 
however,  that  a  fixed  voltage  sensitivity  will  be  difficult  to  maintain  as  the  loop-antenria 
dimensions  are  increased,  due  to  a  probable  increase  In  loop  equivalent  source  impedance 
and  a  consequent  probable  decrease  In  ♦he  available  power  from  the  loop.  It  is,  of  course, 
being  assumed  that  the  loop  source  impedance  does  not  change  due  to  antenna  submergence; 
otherwise,  this  effect  should  as  well  be  considered  as  a  limitation  when  interpreting  such  u 
plot.  Thus,  a  plot  representing  the  culmination  of  many  of  the  ideas  developed  in  this 
report  is  shown  In  Figs.  19  and  20  for  a  fixed  threshold  voltage  sensitivity  of  2390  ,</a  .  as 
as  calculated  using  £q.  (50).  Figure  19  shows  how  range  capability  is  affected  by  changes 
in  the  b  dimension,  and  effects  due  to  changes  in  the  o  dimension  are  shown  in  Fig.  20. 

The  advant^e  indicated  for  the  larger  loops  is  quite  apparent. 


DISCUSSION  OF  VLF  SYSTEM  PARAMETERS 
IN  PERSPECTIVE 

It  must  be  kept  in  mind  that  the  loop-antenna  electrical  design  parameters  which 
provide  opttnium  overall  system  sensitivity  are  not  necessarily  compatible  with  the  loop- 
antenna  dimensions  which  provide  maximum  radio  signal  pickup.  The  amount  of  ptJvvcr 
available  from  a  loop  antenna  also  depends  wi  the  loop  impedance,  which  is  a  functiijn  of 
the  number  of  turns,  wire  size  and  material,  shape  and  size  of  thc:  loop,  core  material, 
and  core  losses  (if  any),  and  to  some  extent  the  characteristics  of  the  medium,  depending, 
of  course,  upon  the  degree  of  Isolation  affordt  ♦  by  inrjulation  between  the  loop  and  the 
medium.  Similarly,  the  environmental  and  operational  requirements  of  the  submarine 
place  very  practical  restrictiors  on  the  dtmens^unal  i>aramelers  of  sulmerged-Ioop 
antenna  systems,  and  these  may  compromise  both  the  physical  and  ele::trical  aspects  of 
system  design.!  However,  each  of  the  effects  of  electrical  design,  dimension  change, 
and  operational  factors  with  regard  to  loop-antenna  performance  need  to  be  determined 
and  appraised  separately  before  they  can  be  properly  evaluated  in  con  bination.  The 
determination  of  the  effect  of  a  change  in  rectangular-loop-antenna  diinensions  i  pon  a 
loop  antenna’s  collection  capability  In  air  and  in  water,  upon  the  voltaK;e-lnterface  loss, 
and  finally  upon  the  system  range  capability,  is  cfxisistent  with  this  method  of  a'.tacking 


1 9 

The  coiTjpromiseb  involved  in  the  cominon  optimization  of  all  these  elemenii  and  parans- 
eters  with  respect  to  maximum  loop-antenna  subm-»rged-rcception  capabilily  arc  not 
given  a  detailed  treatment  in  thi.*?  report,  but  they  Joint  a  basis  for  continuing  studies 
aimed  at  improving  the  submerged- reception  capability  of  vlf  radio  systems. 


CONFIDENTIAL 


i»A»«Ce,  ThQjSANOS  Qf  ftjAc'TtCAi.  M-l£S  SO) 


CONFIDENTIAL 


NAVAL  RESEARCH  LABORATORY 


50 


5  7  10  20 

Ff»E0uEN<r/  IKlLOCY^.uESi 


30  iO  70  ino 


Fig.  }8  -•  Range  obtainabL-  based  on  propagation  entirely  over  sea 
water  with  receiv  ing  syst  ^me  having  diTTorent,  loop  vertical  dimeii- 
and  with  a  fixed  2,2-  ,-v/i’n  design  threshold  field  sensitivity 

KOTE:  L.ductanec  and  C.  have  not  been  required  to  remain  fixed  with 
change  of  d ,  6  -  or  n  rotative  to  reference  loop  R 
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Fig,  19  -  Range  obtainable  based  oa  propagation  entirely  over  sea 
water  with  receiving  systems  having  different  loop  vertical  dimen¬ 
sions  but  with  a  fixed  Z390-i*i/v  design  threshold  voltage  sensitivity. 
2 ,1  TT.  at  18.t>  kc  no  extra  system  loss. 

NOTE:  inductance  and  Q  have  not  been  required  to  remam  fixed  with 
change  of  '*,  V,  or  n  relative  to  refi-renct.’  loop  R 
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Fig,  20  -  Range  obtainable  based  on  propagation  entirely  over  sea 
v/ater  with  receiving  systems  having  different  loop  horizontal  dimen  - 
sions  and  a  fi  Ked  2390-  mmv  design  threshold  voltage  sensitivity, 
2390  M/^v:^  2.2>i4iv/m  at  1B,6  kc  witii  no  extr*  system  loss, 

NOTE:  Inductance  and  Q  have  not  been  retjuired  to  remain  fixed  with 
change  of  ^  i  or  n  relative  to  reference  loop  R 


CONFIDENTIAL 


62 


NAVAL  RESEAUCH  lABORAIORY 


CONFIDENTIAL 


the  overall  problem,  and  it  represents  a  first  step  towa*-d  the  determination  of  the 
“optimum”  (see footnote  19)  antenna  design  consip*c  it  with  maximum  overall  system- 
performance  capability. 

Unfortunately,  t'le  analytical  treatment  of  submerged-loop  antennas  with  core  materials 
other  than  the  surr  (.-Uiidliig  riiL'dluAAi  aIa  a  uAAMctkTAL. ,  KAitu  (Apj^ai  iidkijr  u  C tj II I Jji  ll tsilb  1 V i;! , 

thorough  study  of  the  case  for  a  sea-water  medium  has  not  yet  been  made.^®  Further¬ 
more,  there  is  little  experimental  data  available  regarding  the  chavacteristics  of  sub¬ 
merged  iron-core  loops,  largely  due  to  the  difficulty  of  making  careful  underwater  meas¬ 
urements.  Fratianni  (5)  has  made  experiments  comparing  an  Iren-core  and  an  air-c..,re 
loop  both  in  watei'  and  in  air,  will;  the  general  conclusion  being  that  the  improvement 
obtained  by  an  iron-core  loop  in  water  over  an  encased  air-core  loop  in  water  is  also 
realized  when  both  loops  are  operated  In  air.  However,  reliable  comparative  data  is 
needed  to  deter  . nine  whether  iron-core  operation  is  superior  or  inferior  to  water-core 
operation.  Theoretically,  at  least,  it  certainly  is  reasonable  to  expect  that  iron-core 
operation  does  not  give  as  great  an  improvement  over  water-core  operation  as  it  did  when 
compared  with  air-core  operation,  because  of  the  radio-wave  attenuation  afforded  by  the 
water  core,  which  provides  hlghe.r  output  from  a  submerged  water-core  loop  compared  to 
a  submerges  air-core  loop.  A  type  of  core  material  that  retains  the  attenuation  charac¬ 
teristic  of  water- core  loops  but  which  also  offers  a  lower  reluctance  path  to  the  field 
(a  characteristic  of  most  iron-core  loops)  might  possibly  prove  to  give  better  results 
than  either  Iron- or  water -core  loops.  A  careful  theoretical  study  of  the  optimum  material 
and  shape  for  a  loop  core  is  needed. 

It  should  be  realized  that  many  of  the  loop  antennas  currently  used  in  the  U.S.  Navy 
for  submerged  communications  have  iron  cores  and  are  not  the  open-core  type  for  which 
Norgorden’s  expression  and  his  equations,  Eqs.  (10)  and  (11),  are  intended.  The  justifi¬ 
cation  for  treating  the  water-core  case  in  this  report  (other  than  the  academic  need  to 
present  a  complete  system  picture  showing  how  the  various  elements  affect  the  final 
system  result)  Is  that  range  calculations  made  using  equations  applicable  to  the  water- 
core  case  have  predicted  figures  which  have  been  in  reasonably  substantial  agreement 
with  scattered  field  reports  of  actual  ranges  attained  using  iron- core  loops.l  Further¬ 
more,  the  application  of  modern  weapon  systems  in  conjunction  with  nuclear-powered 
submarines  requires  that  antenna  structures  with  satisfactory  signal-coliection  capability 
be  provided  that  permit  deep  submergence  of  the  submarine  while  maintaining  satisfactory 
communication.  Iron-core  loops  occupying  a  volume  much  in  excess  of  a  cubic  foot  would 
probably  be  prohibited  by  the  excessive  weight  of  th-’  iron,  while  larger  water-core  loops 
might  be  more  feasible. 

An  examination  ol  Norgorden’s  treatment  (6)  of  the  field  in  a  conductive  (sea-water) 
medium  will  indicate  thrt  he  over  simplified  the  problem  by  neglecting  the  effects  of  the 
dielectric  constant  of  sea  water.  The  inclusion  of  this  effect  into  a  more  general  and  more 
complex  treatment  does  not  appear  to  lead  to  the  simple  plane-polarized  waves  he  pre¬ 
dicted.  It  would  seem  that  perhaps  a  simple  rectangular  loop  is  not  necessarily  the  best 
sort  of  device  for  coupling  to  a  more  complicated  field.  In  a  practical  sense,  iivwevcr,  the 
extra  effects  predicted  by  the  more  compIe.x  theory  may  very  possibly  be  quite  negligible, 
leaving  an  essentially  plane-polarized  wave  as  being  the  case  at  the  lower  frequencies. 

This  question  should  certainly  be  resolved;  a  careful  study  of  interface-refraction  and 
underwater-propagation  phenomena  from  the  point  of  view  of  determining  the  exact  nature 
of  the  field  present  and  the  most  efficient  coupling  mechanism  for  extracting  the  utmost 
amount  of  energy  from  this  field  in  the  conducting  medium  is  very  desirable. 


Note,  however,  that  the  problem  of  radiation  from  a  thin-wire  loop  antenna  in  air  with 
a  finite  t'pherical  ccire  of  material  other  than  air  has  apparently  been  solved  in  a  rig¬ 
orous  manner  hy  Herman  (11)  and  might  serve  as  a  suitable  starting  point  for  further 
work. 
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CONCLUSIONS 

It  is  concluded  that: 

1.  System  equations  can  be  established  in  terms  of  the  elements  of  vlf  radio- 

comrr.ur.t-atlr.n  syr.tcrr,:;  le  g.,  r"".ra2aii--!i  ■  haractrrisfirs.  interface  loss),  and  applied  to, 
for  example,  a  system  employing  a  rectangular,  open-rore  loop  antenna  to  depict  system- 
perlormance  1.“  •■"■••'o  of  basic  Independent  parameters  (such  as  frequency, 

water  conductivity,  and  antenna  dimensions),  and  to  predict  operational  range  capability, 
provided  the  characteristics  of  the  elements  are  adequately  described. 

2.  Relative  air-to-water  relationships  involved  in  submerged  radio  reception  can  be 
established  by  identities  which  relate  the  basic  system  elements. 

3.  Loop^antenna  pickup  capability  gain  with  operation  in  water  nearly  compensates 
for  the  large  loss  in  radio  field  atren^h  through  the  interface,  falling  short  of  full  com¬ 
pensation  by  li  e  amount  of  the  voltage -interface  loss,  which  for  certain  loop  sizes  and 
frequency  conditions  may  not  be  negligible, 

4.  There  is  a  particular  ioop-antenna  vertical  dimension  corresponding  to  a  given 
.frequency  which  gives  a  maximum  submerged  pickup  capability  for  a  rectangular  open- 
core  loop;  l.e.,  an  Increased  vertical  dimension  beyond  that  v/ili  not  result  in  further 
improvement  and  actually  may  cause  a  slight  degradation. 

5.  The  height  dimension  of  a  rectangular  open-core  loop  antenna  must  be  increased 
with  a  irequency  decrease,  if  the  maximum  possible  signal- voltage  output  with  respect  to 
changes  in  die  loop  height  dimension  Is  to  be  achieved. 

6.  The  optimum  loop-antenna  vertical  dimension  increases  as  the  water  conductivity 
decreases. 

7.  An  increase  in  Ihe  horizontal  (width)  dimension  ot  a  rectangular,  open-core  loop 
antenna  is  In  general  much  more  effective  in  increasing  loop  induced  voltage  than  a  cor¬ 
responding  increase  in  the  loop  vertical  dimension. 

8.  An  important  concept  evolving  from  this  study  is  the  fact  that  Uiere  is  a  particular 
frequency  for  a  specified  depth  of  ioop-antenna  submergence  which  give  s  a  maximum  sub¬ 
merged-loop  pickup  capability  for  a  fixed  field  strength  in  air. 

9.  With  a  fixed  field  strength  In  air,  the  signal-voltage  output  from  a  small  loop 
antenna  increases  with  frequency  in  the  vlf  range  at  submerged  depths  down  to  about 

10  ft  In  sea  water,  due  to  the  fact  that  the  inertased  loop  pickup  capabtll'.y  with  Increasing 
frequency  overrides  the  increased  deptli-of-submergence  loss  at  such  shallow  depths. 

10.  With  a  fixed  field  strength  in  air,  the  slgnal-voits^e  output  from  a  small  loop 
antenna  usually  decreases  as  Irequency  increases  within  the  vU  range  at  submerged  depths 
greater  than  about  10  ft  in  sea  water,  since  the  rate  of  depth-of -submergence-loss 
Increase  with  Increasing  frequency  is  higher  at  the  greater  depths. 

11.  Systemwise,  the  apparent  advantage  oi  higher  frequency  operation  at  s.hallow 
depths  for  a  specified  field  strength  in  air  Is  lost,  because  with  long-range  operation  the 

vlf  propagation-attenuation  characteristic  in  air  is  more  favorable  to  the  lower  frequencies. 
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12.  The  overall  raj.ge  of  vlf  communications  is  improved  by  operation  at  the  lower 
frequencies  for  the  same  amount  of  radiated  power;  however,  there  is  an  attendant  increas 
in  the  wavelength  and  a  decrease  in  the  phase  velocity  of  propagation  in  sea  water  as  well 
as  an  increased  cost  of  providing  the  same  amount  of  radiated  power  v.'ith  operation  at 
lower  frequency. 

13.  Expressing  receiving-system  performance  in  t^rms  of  the  variation-s  to  be 
expected  in  basic  system  parameters  with  respect  to  a  fixed  voltage  sensitiviiy  io  more 
iiiuicative  of  realizable  system  performance  capability  than  to  a  fixed  field  sensitivity. 

14.  The  in-air  field- sensilivUy  figure  for  the  usual  loop-type  receiving  system  must 
be  depreciated  by  the  amount  of  the  voltage- interface  loss  and  the  depth-of-submergence 
loss  to  yield  the  in-air  field  sensitivity  figure  for  submerged  operation  at  a  given  deptli 
(assuming no  change  in  loop  source  impedaiice  wi*h  submergence). 

15.  Further  theoretical  studies  are  needed  to  determine  the  “optimum”  vif  loop 
antenna  design  for  both  In-alr  and  submerged  reception,  considering  both  optimum  loop- 
antenna-system  electrical  design  parameters  and  optimum  loop  dimensions  which  do  not 
compromise  the  maneuverability,  defp-oiibmergence  capability,  or  othe.v  operational 
requirements  of  the  submarine. 


RECOMMENDATIONS 

It  is  recommended  that  additional  theoretical  studies  and  attendant  '»xpprimentati‘^n 
be  undertaken,  leading  to: 

1.  The  “optimum"  vlf  loop  antenna  design  for  both  in-air  and  submerged  reception 
of  electromagnetic  waves,  considering  both  optimum  loop-antenna-system  electrical 
design  parameters  and  optimum  loop  shape  and  dimensions  which  do  not  compromise  the 
operational  requirements  of  the  submarine  in  Us  water  environment,  and 

2.  A  more  efficient  coupling  mechanism  to  the  available  electromagnetic  energy  in 
a  conducting  medium  than  that  afforded  by  a  simple  loop  antenna. 
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APPENDIX  A 

DERU^ATION  OF  THE  MODIFIED  BALDWIN-McDOWELT. 
RMPTRirAT,  FIELD-STRENGTH  FORMULA 


The  original  Baidwln-McDowell  empirical  relation  is  expressed  in  the  following 
form; 


.  0.206  Ihf-o.OOOOl.'fD 

"  0  '  (Al) 

Where  the  field  strength  is  expressed  in  uv  m,  the  antenna  down-lead  current  i  in 
amperes  (as  measured  at  the  bottom  of  the  down  lead),  the  antenna  effective  height  h  in 
feet,  the  frequency  ?  In  kilocycles,  the  range  D  in  nautical  miles,  and  ^  the  base  of  natv.ral 
logarithms.  Now  the  radiated  power  P,  (in  watts)  is  related  directly  to  the  antenna  evr- 
rent  by  an  expression  which  implicitly  defines  R„,  the  radiation  resistance  of  an  antrnna: 
viz., 


ainpf'  rr  s . 


IA2) 


Various  sources  <  give  a  very  useful  empirical  relation  lor  the  realizable  radiation 
resistance  of  a  short  vertical  radiator  over  a  good  ground  system,  which  may  be 
expressed  as 


R,  -  15R0  olims.  (A3) 

The  modified  formula  given  In  Eq.  (1)  of  the  text  is  obtained  by  substituting  Eq.  (AS)  in 
Eq.  (A2),  substituting  the  resulting  expression  for  tli"  current  In  Eq.  (Al)  and  simplifying. 
Thus, 


,  .  1  10  f  0  , 


(A4) 


where  i  is  now  in  cps. 


Tor  example ,  liq.  (A3J  is  given  on  p.^1  ol  tne  Ccnleaci  (Nonr-rlivoCGOi;, 

■‘Final  Engineipring  Report  on  Low  and  Vt?ry*  Low-Fr«quen«~y  Aptenn.a  Study,"  Oct,  iyS7, 
bv  Fed^tral  Telerominumcation  Laboratories. 
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APPENDIX  B 

EQUATIONS  FOR  ELECTROMAGNETIC  PLANE-WAVE 
PROPAGATION  IN  WATER' 


Differentiating  Maxwell's  field  equations  with  respect  to  time  and  substituting  from 
one  equation  into  the  other  gives  the  wave  equations  of  the  electromagnetic  field,  which, 
for  the  purpose  at  hand,  may  be  simplified  by  assuming  that  E  and  «  are  functions  of 
distance  x  and  time  t  only; 


.  .  d%  1 

1 

.1^  _ 

.  .  d^t 

where 


('  -  ■  je"  and  is  defined  as  the  complex  permittivity  of  the  medium,  and 

-  j.. '  and  is  defined  as  the  complex  permeability  of  tho  medium. 

The  solution  of  the  differential  equations  with  which  we  are  concerned  for  the  pur¬ 
poses  ot  this  report  is  a  plane  wave, 

E  ■:  E„- .] 


132) 


advancing  through  the  medium  with  a  complex  propagation  factor, 


.  i  s  A  .  j  B 


(B3) 


wheie  A  is  the  attenuation  factor  and  is  the  phase  factor  of  the  wave.  Introducing  these 
factors  and  substituting  for  ,  Eqs.  (B2)  may  be  rewritten  in  the  form: 


E 


■  Ax 


,2- 


j2 


r 

I 

.1 


(B4) 


from  which  it  is  apparent  that  the  wave  has  a  time  period 


'a.  Von  Hippel,  "Dielectric  Materials  and  Applications,"  New  York:  Wiiey,  1954,  discusses 
both  the  macroscopic  and  the  molecular  properties  of  nonmetallic  materials.  The  deri¬ 
vation  developed  here  is  based  principally  on  the  theory  treating  the  macroscopic  aspects. 
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T  - 


I 

f 


and  a  space  period 


R  ' 


The  amplitude  decays  exponentially  at  a  rate 

.»  20  A  U>e|Q  (  . 

expressed  in  decibels  per  unit  distance. 

Surlaces  of  constant  phase  are  given  by 

ft  -  -  =  cvnslAiU  . 

which  propagate  with  a  phase  velocity 


(BS) 


(bSi 


(B8) 


4x 

<)V  " 


w’  ^  f  ‘ 


(B9) 


Now,  the  complex  relative  permittivity  and  permeability  may  be  defined,  respectively,  as*. 


and  ^  (BIO) 

-'o  ' 

For  anonms^etic  medium  such  as  sea  water,  the  complex  relative  permeability  sim¬ 
plifies  to 

<  -  4  ^  J-  (BU) 


The  product  of  angular  frequency  and  ihe  relative  complex  permittivity  loss  factor  is 
proportional  to  a  dielectric  conductivity  and  may  be  given  as 

'*■  =  4--.  (BU) 

’Vith  the  conductivity  ^  being  -expressed  in  esu  (statmho-cm/cm^). 

Considering  the  equality 


c  ' 


I 


(B13) 


to  hold,  and  substituting  Eqs.  (BIO),  (Bll),  and  (B12)  into  Eq.  (B3),  leads  io  the  result 
that  for  a  nonmagnetic  medium, 


y--i 


A  ♦  jfl  , 


(B14> 
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Solving  lor  A  and  B, 


and 


A 


2-1  t  7 

c 


c 


2.’ 


■J 


However,  ii  may  be  shown  that 


(i!)  im 


Therefore 


and 


thus 


.  ^ 

2^  •.  f*- 


'(«)■ 


a  ^ 

A  ^  B  . 


{#■ 


CB15) 


(Hi6) 


(B17). 


Substituting  Eqs.  {B17)  into  Eqs.  (B6),  (B7),  and  (B9)  thus  gives,  in  terras  ol  the  basic 
Independent  parameters,  three  very  useful  quantities  (or  describing  the  plane  wave  in 
sea  water,  l.e.,  the  attenuation  rate  with  depth  {or  distance),  the  wavelength  in  the  medium, 
and  the  phase  velocity.- 


and 


/  \  2r/  •.  fv 

l-(\ 

(B18) 


Figure  &l  shows  a  plot  of  the  furiction  *■  defined  in  Eq.  (B16).  It  is  apparent  that  for 
sufficiently  low  values  of  the  argument  (which  is  sometimes  referred  to  as  the  loss  tan¬ 
gent),  tlie  factor  may  be  taken  as  being  essentially  unity  with  negligible  error.  Hence  the 
expressions  for  ,  and  v  are  often  approximated  for  the  case  of  sea  water  at  vlf  and 
below  by  neglecting  this  factor,  which  is  equivalent  to  neglecting  the  dielectric  cw. 
atant.  Figure  B1  can  be  used  as  a  universal  curve  for  comparing  the  actual  values 
(unstarred)  with  approximated  values  (starred),  since 


(Bi9) 


The  approximate  values  are  shown  as  solid-line  curves  and  the  actual  values  as  dashed- 
line  curves  in  Fig.  B2  as  functions  of  frequency  for  the  case  of  sea  water  to  =  3.6  x  10‘° 
atatmho-cm/cm^  in  esu,  4  mho-m/m*  in  mks  units,  and  "  =  81  everywhere  except  near 
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{a)  The  rate  ol  attenuation  a  of  electromagnetu 
waves  sea  water  aa  a  function  of  frequency 


(b)  The  phase  velocity  v  of  electromagnetic  wavet 
in  sea  water  as  a  function  of  frequency 

Fig.  -  The  rate  of  attenuation  witn  depth,  phase 
velocity,  or-d  wavel^snjith  of  plane  electromagnetic 
waves  in  sea  wateras  a  function  of  frequency.  Starred 
(^)  values  are  computed  with  the  effect  of  dielectric 
constant  ignored;  i.e.,  =  0.  Unstarred  values  are 

computed  with  the  effect  of  dieleciriw  constant  included. 
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<c)  The  waveleftg.rt  Xo£  electromagnetic  >wave8  in 
eea  water  as  u  ^imction  of  frequency 
Fig,  B2  (Continued}  -  The  rate  of  attenuation  with  depth, 
phase  velocity,  and  ws-velength  of  plane  electromag¬ 
netic  waves  In  sea  water  as  a  function  of  frequency. 
Starred  (•)  values  are  computed  with  the  effect  of 
dielectric  constant  ignored;  i.e.,  'fsO.  Unstaxred 
values  are  computed  with  the  effect  of  dielectric  con¬ 
stant  included. 


1000  Me,  where  it  apparently  begins  to  decrease  to  about  80,5  at  1000  Me).  Dorsey'  has 
made  a  survey  of  the  literature  with  regard  to  the  variations  to  be  ejq^ected  in  these 
parameters  In  water;  however,  there  spears  to  be  little  known  about  any  possible  fre¬ 
quency  dependence  of  water  conductivity,  A  convenient  plot  shown  in  Fig.  B3  is  useful 
for  determUiln^  the  (^proximate  (staired)  values  for  nonmagnetic  media  other  than  sea 
water. ^  The  actual  vjiues  for  the  other  media  can  then  be  obtained  using  Fig.  Bl,  i.e., 
rt  s  a*  (from  Fig.  B3)  times  «•  (from  Fig.  Bl). 

Figure  B4  gives  a  detailed  picture  of  the  situation  for  water  with  respect  to  a  rather 
broad  range  of  conductivity  and  frequency. 


^N.  E.  Dorsey,  "Properties  of  Ordinary  Water-Substance.  ,  .  Hsw  YorK;Reinhold.  1940. 
^Actually,  water  ia  Ueted  by  Dorsey  as  being  slightly  diatnaguetici  however,  lae  effect  is 
considered  negligible  for  the  purposes  af  this  report. 
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(a)  Apijroximate  i.Moof  aUenuation 


(b)  A,ppTOximate  phase  velocity  v’ 

Fig.  £i3  -  UniverBol  curves  for  the  approximate  rate 
of  attenuation  with  depth,  phase  velocity,  and  wave¬ 
length  of  plane  electromagnetic  waves  in  nonmagnetic 
conductive  media  which  neglect  the  effects  of  the 
dielectric  constant 
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(c)  Approximare  wavelength  K* 

Kig.  B3  {Continued^  -  Universal  curves  £or  the  approx¬ 
imate  rate  of  attenuation  with  depth,  phase  velocity, 
and  wavelength  of  plane  electromagnetic  waves  in  non¬ 
magnetic  ccnd  ictive  media  which  neglect  the  effects 
of  the  dielectric  constant  x 
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(a)  The  rate  of  attenuation  a  of  the  underwater  electric  field  with  depth 
as  a  function  of  frequency,  a  in  db/ft  =  0.555  x  lO-’/fax  //x^  ^  f  ~  x. 

s  ^r!  is  depth-o£-8ubt mergence  loss  in  db,  and  d  is  depth  of  loop  sub¬ 
mergence  measured  from  surface  of  water  to  top  of  loop  in  feet. 

Fig.  B4  (Continued)  •  Die  rate  of  attenuation  with  depth*  phase  velocity* 
and  wavelength  of  the  radio  electric  field  in  water  for  a  wide  range  of 
conductivity  and  frequency,  x  =  =  81,  C  =  9.835  x  10®  ft/sec,  f  is 

in  cps.  in  esu  (ftatmhq-cm/ciu^).  For  conv-^riion  to  mks  units, 

o  ir.  e»u/{y  x  io®';  =  xjihc-jn/-r  1 
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(b)  The  phase  velocity  of  radio  waves  in  water  as  a  function 
of  frequency 

in  feet  per  second  r  Af  s  c  -  f  *  »  '  1  -  x 

Fig.  B4  (Continued)  -  The  rate  of  attenuation  with  depth,  phase  velocity, 
and  wavelength  of  the  radio  electric  field  in  water  for  a  wide  range  of 
conductivity  and  frequency,*  ~  <f  2j.  *r  =  81,  C-  9.835  <  10*  fl/aec,  fis 
incps,  and  v’  is  in  csu  (statmho-cm/cm^).  For  conversion  to  nriks  units, 
"  in  esu/(9  >  iO^)  =  mho-m/m^. 
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tcj  The  waveicnjJth  oi  radio  waves  in  water  ag  a  function 
of  frequency 

o.  led  =  ^  ^  j  ,  AV  >  f  -  X 

F‘ig.  B4  (CominuetlJ  -  The  rale*  of  aUenviation  Vrith  depth,  phase  velocityi 
and  wavelength  of  the  radio  electric  field  in  water  for  a  wide  range  oi 
rnndiictivity  and  frequnru-y .  y  ~  -  ^  7  ',  ~  81,  c  =  ^.85*1  ■.  10^  tt/sec.tis 

ineps,  ami  .>  is  in  esu  (statir.ho-cm/cni^).  For  conversion  to  ink'>  units, 
•  in  esu/(9  10^!  =  /ir* 
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APPENDIX  C 

DERIVATION  OF  LOOP  ANTEIRJA  COLLECTION 
CAPABii^iTY  IN  AIR 


The  difference  in  potential,  or  ihe  opcn-clrpnlt  voi*agr,  s.cr™c  *h‘'  torm’nito  c:  a 
loop  antenna  Is  equal  to  the  vector  sum  of  the  voltages  Induced  In  the  variovis  parts  of  the 
winding.  The  differetsee  In  potential  may  be  represented  as  a  line  integral  of  the  "dot 
product"  of  the  inatantaneour  electric-field  vector  with  respect  to  the  vector  differential 
element  of  length  o'>e:r  the  entire  length  of  the  loop.  Applying  this  principle  to  the  case 
of  a  rectangular  loop  In  air  oriented  so  that  the  plane  of  the  loop  is  parallel  to  thC'  direc¬ 
tion  of  propagation  and  the  polarization  of  the  electric  vector,  as  indicated  in  Fig.  Cl, 
gives 


,s  3  3  «  t 

=  n  j  E  •  PS  =  n  f  E  •  dS  •  n  f  E  -  <iS  3  n  f  E  ■  dS  <  n  [  B  •  dS  , 

Ji  .'3  -j  J, 


(Cl) 


'  5 

J  1 

V  r  n 

[  Ki *  1 

I  Ej  •  * 

(C2) 

J*  •' 

i 

since 

1 

^4 

[ 

E  •  4S  -  1  E 

(iS  ~  0  . 

(C3) 

•'a 

Therefore,  If  ti  «  \, 

\  =  ottk  ^Et 

'£2) . 

(C4) 

For  sinusoidally  varying  fields. 

Ej  -  E  cos • 

(C5> 

and 

Ej  '  E  cos  1 

E  cos 

(CB) 

5  1 

9 

DIRECTION  OF 

4 

IT 

PROPAflATiON - 

- ^ 

T 

OP  PLANE  WAVE 

.1 

'1* - » - • 

Fig,  Cl  -  Dia  jram  of  rectangular  loop  antenna  in  air 
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aasuming  a  negligible  decrease  in  field  strength  fror.1  one  side  of  the  loop  to  the  ether, 
but  allowing  for  the  change  in  phase.  Thus 


E“ 


cos 


cos 


f 


I 


•  a 
c' 


). 


a  .  a 

-  cos  --t  '  cos  -'t  cos  *  sin-«t  s»n  ^ 


(C7) 


/ .  V/  <3  \  .  u,a  . 

"  *  1  -  cos  -r  I  cos  .  t  sin  sin  -'t  . 

\  c  / 

Since  the  induced  voltage  will  be  sinusoidal,  being  proportional  to  the  difference  of  two 
sine  waves  with  Ihe  same  frequency,  Eq.  (C7)  simplifies  to 


Therefore,  substituting  this  result  into  Eq.  (C4)  yields  the  expression  used  for  the  loop- 
antenna  collection  efficiency  tor  Ui-alr  operation,  via.. 


V* 

Ea 


(C9) 


Expanding  the  cosine  term  under  the  radical  m  lerms  of  an  infinite  power  series 
gives 


-  A  h  A  ...2  ,4 

|r  1  -  - 

Therefore,  to  s  very  good  appnixiraation, 

7a  n'^abk 

"  ~c  ■ 
it 

~  «  1  for  fo  «  5.4  <  10“) 

12c2 


(Cll) 
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APPENDIX  D 

DERIVATION  OF  LOOP- ANTENNA  COLLECTION 
CAPABILITY  IN  WATER' 


The  top  side  ot  a  rectangular  loop  antenna  is  considered  to  be  submerged  to  a  depth 
a  Ir.  water.  The  electric  Eield  strength  just  below  Uic  surface  is  taken  as  and,  for 
the  purpose  of  this  derivation,  the  direction  ot  the  olactnc  ssctor  will  be  considered  as 
lying  in  a  horizontal  plane  propagating  downward  (Fig.  1).  A.pplylng  rlqs.  (82)  and  (B3)  to 
the  case  at  hand  leads  to  the  statement  that 


,(•■<  .  (A- ,Bld  L 

E,10.t>  i  \  c  /  f 


(Dl) 


The  field  at  a  depth  (a  -  i)  at  the  bottom  of  the  loop  (since  the  height  dimension  of  the 
loop  is  taker,  as  *)  is  then 

'i 

E,i'd  »  i.t .  ■  Syi’.t)  *>  b 

^  E^O.t)  e  *"  - 

Cons'dering  only  the  scalar  parts,  since  the  vectors  are  parallel,  the  induced  voltage  per 
turn  m  the  loop  is  taken  as 


n 


C 


t )'»  <ls  . 


Subt-facUng  Eq.  (D2)  frem  Eq.  (DI)  then  gives 


(D3l 


'  if,  t  )  t  )  t  L 


1~^'- 


"c). 


(D4) 


How,  substituting  Eq.  (i>i)  into  Eq.  »D3)  and  performing  the  integration  yields 

^The  nevelop'.Txent  is  in  geaeral  similar  lo  lhai  shown  hf  Norgorden  (see  ftef.  6,  in  text), 
except  that  here  the  treafn-.ent  been  -t^cteiwieu  and  modified  to  remove  certain  Limit¬ 
ing  restrictions. 


BO 


CONFIDENTIAIa 


CONFIDENTIAL 


NAVAL  RESEARCH  LABOR  ATORY 


81 


j^C  [ 


r 


{D5) 


Cunverting  further  to  trigonometric  terminology  and  taking  only  the  real  part  gives 


V  d ,  t )  ^  ^ 

- <’^ip  cos(<iit  “Bd)  ♦  q  sinf'-t  “Bc/^l 


(D6) 


where 

^  *Afl  ojQ  .  ,,  -Kb  /,  u30\ 

p*"6  SJnPjsin  —  *  (  \  -  f  cos  Bo  ill  -  ros  -v  ) 

and 

q  '  £‘A.'  ^gjf,  +  gQs  ((6  sin  -  sin  "  sin  ■ 

Equation  (C6)  may  now  be  used  to  establish  the  loop  pickup  capability  in  water  (the  peak 
magnitude  of  the  induced  volta^re  for  a  given  peak  magnitude  of  electric  field  at  tne  top 
of  the  loop)  by  taking  the  square  root  of  the  sum  of  the  squares  of  the  sine  and  cosine 
terms.  Kence 


v„  Vi.fd) 
E”  =  EjdS 


r>C 


</p^  ♦  q*  . 


where  the  peak  magnitude  of  the  electric  field  at  the  top  of  the  loop  is 

E^d)  -  E^O) 


(D7) 


(D3) 


Considerable  simplification  results  whenever  the  horizontal  loop  cllmenslon  o  is  small 
enough  and  the  frequency  is  low  enough  so  that 


and 


j 


for  then  Eq,  (D7)  may  be  approximated  as 


^  =  nO»  Kl  -  2.“ 


COS  — - 


(D9) 


'^Uaing  the  notation  later  introduced  in  Eq.  (D9), 

(I  .  fr  .  (uQ 
p  =  .  s,n  --  s.n  — 

and 

q  =  € 


.  (l  -  CO,  (l  -  cos  f ) 


confidential 


82 


NAVAL  RESEARCH  LABORATORY 


CONFIDENTIAL 


where 


-A5 


~2J‘  D_l 
c 


aiid  k  is  introduced  to  allow  for  different  types  of  units  (in  this  report  k  iS  taken  aj* 
0.3048006  meters/*  t). 


Funhermore,  if 


2? 


«  j . 


then 


where 


^  -  n<7*  2.'’‘  cos  .  *  .  .2'”“ 


(DIO) 


c 


<< 


i  . 


and,  as  in  Eq.  (B19), 


^Equation  (D  '  0)  is  egsentially  equivalent  to  an  expression  derived  by  Norgorden  (see  p.  6, 
Ref.  6,  in  text). 
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APPENDIX  E 


DERIVATION  OF  THE  RECTANGULAR  LOOP  HEIGHT  CORRESPONDING  TO 
THE  MAXIMUM  .ANTENNA  COLLECTION  CAPABILITY  IN  WATER 


If  the  collection  capability  is  maximum  with  respect  to  loop  height,  then  its  deriva¬ 
tive  with  respect  to  loop  height  must  be  zero;  hence,  taking  the  derivative  of  Eq.  (13)  in 
the  text  with  respect  to  t>  and  setting  it  equal  to  zero  gives 


2  n 'l  C  t ’’ cos  sin  (^’'1) 

6  /l~-  2t'''  cos  ■■  *  ^  ’ 

or  after  eliminating  nonpertinent  factors, 

0  -  t*"  -  cos  --  *  sin  .  (E2) 

This  transcendental  equation  has  been  solved  for  the  particular  root  of  interest,  using  the 
Newton  numerical  iteration  technique,  giving  •  =  -2.284102297  . . . ,  or  (solving  for  t>) 
for ^  f  >  3600, 


.  2.2fi4102207  c 
2-  f  * 

,  3.S75S3524  .  10® 

^  0  36352617  .  fE3) 


since  =  c  f' >  . 
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APPENDIX  F 

DERIVATlCN  OF  FREQUENCY  FOR  MAXIMUM  FOR  A  OJVEN 
DEPTH  OF  OPERATION  A3TO  SIZE  OF  LOOP  ANTENNA 


Setting  the  derivative  of  with  respect  to  frequency  equal  to  zero  serves  lu 
establish  the  conditions  necessary  for  achieving  a  maximum  v*  at  a  giver,  depth  of 
operation  for  a  given  size  of  loop  antenna.  This  is  done  hi  Eq.  (FI)  and  ts  then  simpli¬ 
fied  by  eliminating  nonpeitinent  factors.  Thus 


— //ntOA.  ^  ( t  +si(t  -'^cos  '• ) 

^  O  /l  -  2t  *cos-'*#^' 

or 

n,. ’  i) 

r  ^  » I  n  ’  ~  cos  • 


(>  *  1) 


(  1  -  2r'’  COS  '  ' 


(Fl) 


(F2) 


The  particular  frequency  corresponding  to  a  maximum  induced  voltage  in  a  submerged 
loop  for  a  given  field  strength  in  air  can  now  be  found  by  solving  for  the  value  of  *•  which 
will  satisfy  Eq.  (F2)  (the  particular  value  obtained  being  which  is,  of  course,  dependent 

on  the  ratio  of  d  6)  and  substituting  the  value  obtained  for  into  the  following  equation, 

which  is  merely  a  rearrangement  of  the  original  equation  defining  ■  (valid  whenever 
<■  f  >  3600): 


fo 


(F3) 


Soiutionfi  to  the  transcendental  Eq.  (F2)  have  been  obtained  using  iterative  numerical 
techniques.  Figure  Fl  is  a  plot  of  the  values  obtained  for  the  magnitude  of  as  a  fun;- 
tlon  of  d  h.  Figure  F2  has  been  plotted  to  facilitate  the  determination  of  the  optimum 
frequency  f ,  and  is  simply  a  graphical  plot  of  Eq.  (F3).  Thus,  given  the  values  of  ct  and 
t ,  the  magnitude  of  may  be  obtained  from  Fig.  Fl,  and  then  having  '  "n  1  and  tavowlng 
the  value  of  v,  f„  can  be  read  directly  fiom  Fig.  FB  (provided,  of  course,  that  the  ratio 
of  ■  to  %  Is  greater  than  3600). 
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Fig.  F)  -  A  plot  of  the  root  of  Eq.  (F2)  as  a 
fujictlon  of  d/b 
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CONiTOENTIAL 


FiH  Fa  -  Tht  particular  frequency  f.  which  gives 
maxrm.un  induced  voltage  in  a  suUerged  loop 
rntenna  w.th  a  given  fixed  field  strength  in  air  a.  . 
function  of  and  certain  values  of  o 


CONFIDENTIAL 


CONFIDENTIAL 


0 

A 

0 


B 


C 


r; 


dbv 

dlir 

dS 

( 

'  0 


E 


0 


LIST  OF  SYMBOLS  AND  THEIR  DEFINITIONS 


Attenuaiion  per  unU  of  Increasing  depth  in  water,  •  ^  0.555x10“^;. 

Vf«'  "  ■  1  -  :Li  ,  in  decibplK  npr  fo  M 

r  ^  \2.’  I  2o  ■ 

Approximate  value  uf  i  ublaiued  by  neglect  cf  dielectric  constant 
1*  -  0,555xl0"’yTT,  in  decibels  per  loot 

Length  di  rectangular  loop  antenna,  in  ieet 

AUenuation  or  amplitude  factor 

Height  dimension  of  rectangular  loop  antenna,  in  feet 
Phase  factor 

Complex  propagation  factor 

Velocity  of  light  in  air,  c  ®  9.83570x10*  feel  per  second 

Depth  of  loop  antenna  submergence  in  water,  measured  from  water  surface 
to  top  of  loop,  in  feet 

Range  or  distance  in  air  between  transmitting  and  receiving  antennas,  in 
nautical  miles 


2.0  log  10  (Vi/vj)(see  footnote  9) 

10  log  10  (rj/r2)(seo  footnote  9) 

Vector  diiferential  element  of  length  s 

Base  of  natural  (Napierian)  logarithms,  f  s  2.7182818  .  ,  . 

Permittivity  of  free  space 
Complex  permittivity 

Real  part  of 
Imaginary  pari  of  <  • 

Magnitude  of  radio  electric  field  In  air  at  water  surface.  In  volts  per  meter 
C  v/m) 

Receiv.ng-f.ystem  threaiiuiu  field  sensUivity,  i.e.,  the  magnitude  ol  radio 
electric  lield  in  air  at  the  water  surface  at  range  D  which  will  provide 
design  inreshold  sensitivity  conditions  with  in-air  operation,  in  volts  per 
meter  (tiote:  with  surfac^  operation,  is  equal  to  R^,) 

Magnitude  of  radio  eleelric  field  in  air  at  water  ourface  at  range  c  for 
minimum  satisfactory  receiving-system  output  performance,  in  volts  per 
meter 
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F.,  Tho  fitld  inttnsiUy  required  under  actual  operational  system  conditions  for 
the  same  sl*;nal'to~noise  ratio  and  performance  conditions  outlined  lor 
F.p  ,  i.e..  E,  Eft.'/,  .  in  volts  per  meter 

Magnitudp  of  radio  electric  field  in  v.'aler  at  depth  d,  ir.  volts  per  nictcr 

Magnitude  of  radio  electric  field  in  vtate.  at  zero  depth  of  loop  bu'^mcigente, 
i.c.,  lop  of  loop  at  water  surface,  in  volts  per  meter 

v.  Vector  quantity  representing  the  electric  field  vntensiry 

I'.  Instantaneous  electric  vector  field  at  the  vertical  aide  of  the  rectangular 
loop  antenna  closest  to  the  transmitter 

F.j  Instantaneous  electric  vector^Iieid  at  the  vertical  side  ot  the  rectangular 
)  .op  antenna  furthest  from  the  transmitter  (taken  at  same  instant  of  time 
as  for  Ej ) 

Ej  Scalar  rnagntlude  •'f  E, 

£j  Scalar  magnitude  of  E, 

Eq  Initial  value  of  F. 

Vector  quantity  representing  instantaneous  electric  field  Intensity  in  water 

£,,(0.11  F^(cf.t)  for  d  =  0 

E»(0,ii  Scalar  magnitude  of  E,(o.t) 

f  Transmission  or  signal  frequency,  in  cps  unless  otherwise  specified 

/p  Frequency  which  gives  maximum  induced  voltage  in  a  sutimerged-loop 
antenna  with  any  particular  given  fixed  field  strength  in  aii ,  in  cps 

Relative  rpciangular  opea-core  ioop-antenna  coliecUon  capauilitv  in  air 
(referred to  the  reference  loop  R)  which  Incorptirates  effects  due  to  number 
of  turns  and  loop  dimensional  changes  (expressed  as  a  ratio,  or  given  in  -hi) 

HelativB  rectangular  open-core  Ioop-antenna  collection  capability  in  water 
(referred  to  the  reference  loopR )  which  Incorporates  effects  due  to  number  if 
turns  and  loop  dimensional  changes  (expressed  as  a  ratio,  or  gicen  in  i‘.) 

^viL  Relative  rectangular  open-core  loop  antenna  voltage-interface  lossfreferrcd 
iw  :rai  of  a  leierencc  loop  »)  which  iuvorpc.'atcs  effects  du*;  tc  loop  dime  *- 
sional  changes  (expressed  as  a  ratio) 

c  Loop'-antenna  pickup  capability  gain  or  Improvoment  with  operation  in  water 
as  compared  to  in-air  operation 

h  Antenna  effective  height,  in  feet 

H  Vector  quantity  rrpresentlng  the  magnetic  field  intensity 
Hq  Initial  value  of  R 
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A  ;:aramctcr  usc'i  for  notational  eonveme;iv-‘c;  — yrTT 
in  radians 

0  Value  nf  -(or  the  root)  which  satisfies  Eq.  (F2} 

•  Approximate  value  of  •  obtaiivod  by  negloct  oT  dieleclric  ronstam  » 

1  Antenna  down-load  current,  in  amp‘=‘rGs 

A  conversion  (actor,  ^  -^0. 3048006  meters  per  foal 
•*  Complex  relative  permUiWity 

The  real  part  of  -*  (also  referred  to  as  . ,  the  dielectric  constant) 
Imaginary  pari  of 
Complex  relative  permeability 
-jj.'  The  real  part  of 
Imaginary  part  of 

System  operational  loss;  f,  Eo.'Es 

L,,  Loss  due  to  Icop-antenna  submerrence  to  a  specified  dopth  in  v.'afer 
L,,  >  ■v\  •*  -20  iog^p  E*0O/P-,(0) .  in  decibels 

Ls  Allowed  system  operational  loss,  l,  «  -20  .  in  decibels 

l-v  Voltage-interface  loss;  Lv  = -20  log,(,(V^fO).'v^) 

The  radio  wavelength  in  air,  in  feet 

The  radio  wavelength  in  the  conducting  medium  (water),  in  feet 

*  Approximate  value  of  •  obtained  b)  eglect  of  dielectric  constant  ■ 
MQ  Permeability  of  free  space 

»i*  Complex  permeability 
Heal  part  of 
Imaginary  part  of 

n  Number  of  turns  on  loop  antenna 

2  Power  applied  to  resistances,  ^ 

Transmitter  radiated  power,  in  iratls 

P.q  Parameters  used  for  nolational  ronvwience,  deljrit.-d  in  Ec.  (DB) 
fj  2  Resistances 
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K  Heferonro,  singlo-turn,  single'-plane,  one-fool -square,  open-core  loop 
antenna  (olton  employed  as  ^jubcioript  to  other  symbols  to  designate  the 
referejw'c-ioop  case) 

I'l  Autc'Uita  ruvtiatiOn  resistance  ihe  value  of  ressstance  in  senes  wUls  tiiu 
antenna  down-lead  current  which  results  in  the  antenna  radiated  power. 
i.K,,  P,'  !'  ,  in  ujinis 

Elrrtrical  conductivity  of  water,  in  esu  (staimbo-cm/cm*) 

s  Dis'ante  variable  of  integration,  taken  along  horizontal  of  reciangular  loop 
with  origin  at  side  nearest  the  source  of  electroma^elic  radiation 

S,  Surplus  radio  field.  20 

Sj,  Design  threshold  cw  sensitivity,  i.e.,  that  unmodulated  signal  input  neces¬ 
sary  lor  a  receiver  output  signai-to -noise  ratio  (S/N)^  equal  to  0  decibels 
2t  the  standard  6-mw  c^Upat  power  level 

Sjj  Standard  cw  Siiisitlvlty,  i.e.,  that  unmodulated  signal  input  necessary  for  a 
receiver  output  signal-io-noise  ratio  (S/N),^  equal  to  20  decibels  at  the 
standard  6-mw  output  power  level 

T  Time  period 

♦  1'lme,  in  seconds 

V  Phase  velocity  of  propagation 

V*  Approximate  value  of  v  obtained  by  negUct  of  the  dielectric  constant  -• 

V  Instantaneous  voltage  induced  in  a  loop  antenna,  in  volts 
Voltage  Induced  in  loop  antenna  in  air  by  radio  Held  E^,  in  volts 

Vjj  Design  threshold  voltage  sensitivity,  i.e.,  the  voltage  Induced  in  a  loop 
antenna  in  air  ivy  a  radio  field  E.  ,  in  volts 

^<j 

V»{0)  Voltage  induced  in  loop  antenna  in  water  at  zero  depth  of  submergence, 
i.e.,  with  top  of  loop  at  water  surface,  by  radio  field  in  air  .  la  voUs 

Voltage  induced  in  loop  antenna  in  water  at  a  specified  depth  of  loop  sub¬ 
mergence  by  a  radio  field  in  air  ,  in  volts 

t  >  inatantaneoas  voltage  induced  in  loop  antenna  in  water  at  a  specified  loop 
depth 


Convenient  arbitrary  references  of  induced  or  open-c»rcuit  terminal  voltages 
and  reierence  fields,  all  being  1  volt  and  a  field  of  1  volt  per  meter  (see 
detailed  discussion  v.n  p.  34) 

^  A  parameter  used  for  convenience,  ^  = 

X  Distance 
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